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TO  BLAIR  KINSMAN 


Blair  Kinsman  died  on  2  November  1989,  and  this  rec¬ 
ord  of  the  Labrador  Sea  Extreme  Waves  Experiment 
(LEWEX)  is  dedicated  to  his  memory— most  appropriate¬ 
ly,  for  l  EvvEx  was  devoted  to  precisely  those  questions 
that  occupied  Blair  throughout  his  scientific  career. 

He  was  born  on  21  December  1914,  graduated  from 
the  University  of  Chicago  in  1938,  and  taught  in  sec¬ 
ondary  schools  and  at  St.  John's  College  in  .\nnapolis. 
.Maryland,  for  thirteen  years.  Both  Robert  Hutchins’s 
University  of  Chicago  and  the  “great  books”  program 
at  Annapolis  were  to  leave  a  lasting  impression  oi.  him. 
He  joined  Don  Pritchard  at  Johns  Hopkins  Chesapeake 
Bay  Institute  in  1951  and  re¬ 
ceived  his  M.A.  from  Hop¬ 
kins  in  1953.  I  came  to  Hop¬ 
kins  five  years  later,  and, 
drawn  together  by  our  mu¬ 
tual  interest  in  waves,  we 
quickly  became  friends.  His 
Ph.D.  thesis  in  1960  describ¬ 
ed  a  meticulous  study  of 
wave  spectra  in  an  enclosed 
sub-estuary  of  the  Chesa¬ 
peake  Bay  and  showed  his 
great  attention  to  detail,  his 
concern  to  do  things  right, 
and  his  engaging  literacy 
that  flowered  in  his  monu¬ 
mental  book  (I  use  the  ad¬ 
jective  with  care),  which  was 
published  five  years  later. 

He  served  on  the  faculty  of 
Hopkins  but  left  in  1966  to 
become  a  Professor  of 
Oceanography  at  the  Uni¬ 
versity  of  Delaware;  subse¬ 
quently,  he  was  a  Visiting 
Professor  at  the  State  Uni¬ 
versity  of  New  York,  Stony 
Brook,  and  at  the  University  of  Mexico. 

fVind  Waves:  Their  Generation  and  Propagation  on 
the  Ocean  Surface  is  indeed  Blair’s  monument,  just  as 
St.  Paul’s  Cathedra]  is  Christopher  Wren’s.  Literate  and 
eclectic,  it  is  known  to  oceanographers  throughout  the 
world.  Students  approaching  the  subject  have  found  il¬ 
lumination  in  its  perspective,  pleasure  in  its  informality 
and  style,  and  an  example  in  its  awareness  and  careful 
examination  of  complex  issues.  The  book  is,  in  jargon 
that  Blair  would  dislike,  user  friendly.  It  gives  all  the 


mathcrnaiical  steps  in  a  densaiion,  as  well  as  the  nuty 
gritty  of  how  to  measure  a  spectrum,  calcuUite  its  confi¬ 
dence  level,  and  determine  what  it  means  Discurstse,  [x*r 
haps  even  prolix  to  some,  it  stattds  as  a  delight tul  foil 
to  that  other  book  on  upper  ixean  dynamics  that  ap¬ 
peared  about  the  same  time,  Jhc  book's  uxitnotes  arc 
a  itartieular  pleasure.  On  the  Sverdrup-Munk  mrsdei;  “Be 
warned.  What  follosvs  is  entirely  inadequate  to  uccoum 
for  the  generation  of  wind  waves.  It  represents  the  state 
of  the  art  in  1942.”  The  footnote  on  instrumental  calibra¬ 
tion  digres.ses  through  physical  standards,  maihemaiicai 
axioms,  Euclid,  and  Gauss.  Blair  never  really  thought  of 

himself  as  an  (x’eanographer, 
but  as  a  “waves  man"  and 
primarily  as  a  teacher;  he 
dedicated  his  brxik  to  his  stu¬ 
dents.  and  through  it,  he  had 
students  the  world  over. 

We  spent  many  Thanks¬ 
givings  together  at  his  home 
by  the  water  in  Riva,  Mary¬ 
land — my  young  family  with 
him,  his  wife  Dottie,  his 
daughter  Lisa,  and  their  boat 
Snark.  He  was  a  delightful 
raconteur.  He  loved  words— 
many  times  wc  browsed 
through  Fowler’s  Modem 
English  Usage  to  clarify  a 
fine  distinction  in  meaning 
or  to  enjoy  Fowler’s  pedant¬ 
ry.  He  loved  his  students— 
he  spent  endless  hours  with 
them,  and  they  were  his 
pride. 

He  loved  waves,  and  he 
would  have  been  delighted  to 
see  the  enormous  strides  in 
spectral  measurement  tech¬ 
niques,  physical  understanding,  and  wave  modeling  made 
in  l  EWEX.  We  have  come  a  long  way  since  Bill  Pierson’s 
pioneering  Stereo  Wave  Observation  Project  (swopi,  but 
LEW'Ex  is  a  direct  descendant.  In  Blair’s  di,scu.ssion  of  the 
two-dimensional  wave  spectrum,  swop  was  all  that  he 
had  to  go  on.  With  lewex,  we  have  an  enormously 
greater  base  of  data,  wealth  of  detail,  and  range  of  ques¬ 
tions;  I  hope  that  we  “waves  people”  can  do  proportion¬ 
ately  as  well  as  Blair  did.  As  this  volume  depicts  vividly, 
we  still  have  some  way  to  go. 

Owen  M.  Phillips 


Blair  Kinsman  (1914-1989) 


IX 


PREFACE 


More  than  30  years  ago,  the  National  Academy  of  Sciences  and  ihe  U  S. 
Navy  sponsored  the  first  conference  of  substance  on  the  nature  of  the  CKcatt 
wave  spectrum,*  .Many  of  the  leading  thinkers  of  the  day  converged  to  share 
ideas  on  the  behavior  of  wind-driven  rxean  surface  waves.  Several  of  the  fun¬ 
damental  questions  raised  then  remain  still  unanswered.  The  spatial  and  tem¬ 
poral  behavior  of  the  vector  wind  and  vvave  fields  is  perhaps  not  much  better 
known  today  than  it  was  then. 

Progres.s  has  been  more  evident  on  other  front.s.  I  hirty  years  ago,  temporal 
wave  records  were  yielding  to  one-dimensional  height  spectra,  but  full  two- 
dimensional  (directional)  spectral  plots  were  still  rare.  Since  then,  numerical 
wind-wave  modeling  techniques  have  progres.sed  through  three  generations 
of  development.  Many  institutions  now  routinely  produce  forecasts  of  spa¬ 
tially  and  temporally  evolving  directional  ocean  wave  height  spectra. 

Roughly  in  parallel  with  the  model  development,  instruments  to  estimate 
the  directional  spectrum  have  proliferated.  Microwave  remote  sensing  methods 
give  the  promise  for  all-weather,  24-hour  global  monitoring  of  the  directional 
spectrum  from  satellites.  Although  it  is  certainly  not  the  only  technique  prac¬ 
tical  from  space,  synthetic  aperture  radar  is.-vr)  has  been  the  one  most 
thoroughly  explored  during  the  past  decade.  With  the  expectation  of  several 
orbiting  scientific  5AR  missions  in  the  1990s  (at  least  one  each  from  the  .Sovi¬ 
et  Union,  Western  Europe,  Japan,  Canada,  and  the  United  States),  this  ex¬ 
ploration  will  probably  accelerate. 

In  spite  of  this  impressive  international  commitment,  the  specific  role  of 
spaceborne  sar  in  a  practical  wave  forecasting  scheme  has  yet  to  be  precisely 
defined  and  demonstrated.  Sar  ocean  wave  monitoring  performance  will  be 
artificially  constrained  by  the  higher  platform  altitudes  because  of  excessive 
Doppler  smearing.  Of  all  the  extended  sar  missions  for  the  )990s,  only  the 
Soviet  Almaz  series,  at  an  altitude  of  300  km,  appears  to  have  the  potential 
to  overcome  the  fundamental  Doppler  smearing  effect  caused  by  the  motion 
of  the  waves  and  exacerbated  by  the  higher-altitude  orbits. 

When  the  platform  altitude  problem  is  resolved,  there  remains  the  question 
of  how  best  to  assimilate  the  SAR-derived  spectra  into  global  models.  More¬ 
over,  these  global  wave  models  will  themselves  be  guided  by  sparsely  sampled 
satellite  wind  estimates.  The  problem  is  analogous  to  estimating  global  circu¬ 
lation  with  a  satellite  altimeter.  The  longer  spatial  and  temporal  scales  of  the 
fields  will  become  clear  enough,  but  the  shorter  ones,  particularly  those  nor¬ 
mal  to  the  satellite  tracks,  will  remain  insufficiently  sampled.  The  boundary 
between  the  two  will  be  determined  by  the  ingenuity  of  the  assimilation  scheme. 

Fundamentally,  however,  this  much  seems  clear:  the  directional  wave  spec¬ 
trum  can  be  estimated  in  the  future  only  to  the  extent  that  it  can  be  measured 
in  the  present.  Furthermore,  because  the  ocean  is  not  adequately  described 
by  a  single  parameter  such  as  significant  wave  height,  global  estimates  of  only 
significant  wave  height  will  not  suffice.  The  present  description  of  the  sea  sur¬ 
face  will  improve  only  if  what  is  predicted  globally  is  also  measured  globally. 

In  April  1989,  api.  hosted  a  symposium  entitled  “Measuring,  Modeling, 
Predicting,  and  Applying  Directional  Ocean  Wave  Spectra.”  The  symposium 
was  based  largely  on  results  from  an  international  waves  experiment  conduct¬ 
ed  in  the  Labrador  Sea  during  March  1987.  The  Labrador  Sea  Extreme  Waves 
Experiment,  known  as  iewex,  involved  participants  from  eight  countries 
(Canada,  the  Federal  Republic  of  Germany,  France,  The  Netherlands,  Nor¬ 
way,  Spain,  the  United  Kingdom,  and  the  United  States).  Lt-wi  \  produced 
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a  unique  and  unprecedented  set  of  more  than  2(XX)  estimates  ot  the  direction¬ 
al  wave  spectrum,  all  displayt'd  in  a  common  format. 

That  symposium  led  to  the  series  of  papers  in  this  volume.  The  papers  cm 
er  four  complementary  themes  in  wind-wave  physics,  seakeeping  and  surface 
measurements,  aircraft  and  spacecraft  measurements,  and  numerical  model 
estimates.  These  four  major  themes  are  framed  by  two  introductory  overview 
articles  and  two  concluding  articles  addressing  both  the  needs  and  aspirations 
of  future  research.  Of  the  mere  than  2(X)0  estimates  of  directional  wave  spec¬ 
tra  gathered  during  lewi-x,  over  3(X)  are  presented  and  compared.  The  re¬ 
sult,  1  believe,  is  a  broad,  internationally  based  case  for  the  uncompromising, 
continual  global  collection  of  directional  ocean  wave  spectra. 


Robert  C.  Real 
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EDITOR’S  NOTES 


It  has  not  been  practical  to  impose  a  universal  set  oi'  symbols  throughout 
the  volume.  Too  much  heritage  is  associated  with  each  t)t'  the  various  disciplines 
represented  here.  As  a  compromise,  each  author  has  defined  terms  and  sym¬ 
bols  as  if  his  paper  were  autonomous,  thus  allaying  if  not  completely  eliminat¬ 
ing  confusion. 

.Arriving  at  an  acceptable  convention  for  wave  direction  evoked  the  most 
discussion.  .Mariners  describe  waves  in  terms  of  their  source  direction.  Most 
modelers  and  theoreticians  think  of  (or  at  least  plot)  waves  in  terms  of  thei 
propagation  direction.  To  further  complicate  the  matter,  a  propagation  direc¬ 
tion  of  0°  is  not  universally  interpreted  as  to-the-north;  sonietimes  it  means 
to-the-east. 

In  this  volume,  unless  otherwise  stated,  directional  ocean  wave  spectra  arc 
displayed  with  north  vertical  and  with  the  spectral  energy  shown  in  the  direc¬ 
tion  of  propagation.  Exceptions  to  this  rule  occur  in  the  scakeeping  papers, 
in  which  a  ship  heading  of  0“  means  “into  head  seas.”  and  associated  spectra 
are  similarly  plotted  “in  the  direction  from.”  E.xceptmns  are  always  so  noted 
in  the  caption.  Unless  otherwise  explicitly  stated,  individual  narratives  still  use 
the  mariner’s  description;  southerly  (from  the  south)  winds  are  those  that  pro¬ 
duce  southerly  (from  the  south)  waves. 

There  are  many  choices  to  be  made  in  plotting  directional  ocean  wave  energy 
spectra.  In  this  volume,  the  preferred  format  is  generally  linear  wave  number 
in  units  of  rad/m  plotted  radially,  and  spectra!  energy  density  in  units  of  m"* 
plotted  in  equally  spaced  contours.  This  linear-linear  combination  permits  a 
direct  intuitive  association  of  volume  in  the  plot  with  total  wave  energy  in 
units  of  Unfortunately,  this  fully  linear  plot  is  a  poor  choice  to  display- 
multiple  wave  energy  modes  that  differ  substantially  in  peak  spectral  energy 
density.  Narrow  but  energetic  swell  can  completely  obscure  an  equally  ener¬ 
getic  wind  sea  in  such  a  display.  The  common  answer  to  this  problem  is  a 
log-log  display  of  both  quantities,  effectively  relinquishing  the  straightforward 
energy  association  in  favor  of  increased  dynamic  range.  Examples  of  both 
plots  exist  in  this  volume,  with  appropriate  description  in  the  captions. 

In  a  few  instances,  some  variant  of  the  wave  energy  spectrum  is  used.  For 
example,  the  use  of  a  slope  spectrum  enhances  the  displayed  wave  activity 
at  the  longer  wave  numbers,  where  much  of  the  interesting  dynamics  often 
occurs.  Spectra  from  the  nasa  airborne  sensors  (surface  contour  radar  and 
radar  ocean  wave  spectrometer)  are  often  displayed  in  mVrad,  a  compromise 
that  slightly  enhances  the  activity  at  high  wave  numbers. 

Insofar  as  knowledge  of  the  instrument  or  model  transfer  function  permits, 
all  spectral  comparisons  in  any  given  figure  in  this  volume  are  displayed  in 
equivalent  formats.  The  range  of  wavelengths  of  interest  is  generally  that  which 
is  believed  to  be  assessable  with  a  spaceborne  sak  with  favorable  geometry, 
that  is,  from  50  or  100  m  to  800  m.  This  range,  incidentally,  also  well  repre¬ 
sents  the  energy-containing  wave  numbers  to  be  found  in  wind-generated  waves 
in  the  open  ocean. 
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INTRODUCTOR  >  OVER  VIEH  S 

IN  WHICH  THE  VARIOUS  FACETS  OF  LEW  EX  ARE 
SUMMARIZED,  AND  A  CASE  IS  MADE  FOR 
IMPROVED  GLOBAL  ESTIMATES  OF  THE 
DIRECTIONAL  OCEAN  WAVE  SPECTRUM 


ROBERT  C.  BEAL 


LEWEX:  MOTIVATION,  OBJECTIVES,  AND  RESULTS 


This  overview  article  outlines  the  rnajor  events  that  led  up  it.)  ihe  1  abradur  Sea  Estfcrnc  \^au-s  I  \ 
periment,  describes  its  international  multidisciplinarv  wope.  and  sumnsari/cs  ihe  major  rc>.ulis. 


INTRODUCTION 


In  early  March  1987,  iK'can  researchers  Irorn  eikihi 
North  American  and  European  countries  conseri>ed  on 
a  pair  of  sites  in  the  southern  Labrador  Sea  lo  csplore 
methods  for  measuring,  predicting,  and  applying  direc¬ 
tional  ocean  wave  spectia.  The  researchers  were  support¬ 
ed  by  ship,  aircraft,  and  satellite  estimates  of  wind  and 
waves,  further  complemented  by  a  number  of  numerical 
wave  model  estimates.  From  the  surface,  the  Canadian 
research  ves.sel  CFAV  Quest,  and  the  Dutch  research  vc*s- 
sel  HNLMS  Tydeman,  used  wave  buoys  and  their  navi¬ 
gation  radars.  From  the  air,  a  Canadian  CV-580  aircraft 
and  a  n.v.sa  P-3  aircraft  employed  radar  remote  sensors. 
From  space,  the  U..S.  oceanographic  satellite  Geosai 
monitorai  wind  speed  and  wave  height  with  its  precision 
radar  altimeter.  The  two  .ships  used  both  moored  and 
drifting  directional  buoys,  the  n,vsa  P-3  used  both  a  sur¬ 
face  contour  radar  (S<  Ri  and  a  radar  ocean  wave  spec¬ 
trometer  (ROWS),  and  the  Canadian  CV-580  used  a  C- 
band  synthetic  aperture  radar  (sari.  generally  at  two  al¬ 
titudes  (or  two  range-to-velocity  ratios). 

Each  of  six  agencies  used  numerical  models  and  its 
own  (or  others’)  estimates  of  the  wind  field  to  hindcast 
(i.e.,  forecast  after  the  fad)  directional  spectra  at  the  ship 
positions,  and  nine  agencies  (including  the  first  six)  later 
used  a  common  wind  field  to  generate  a  second  set  .>f 
hindcasts  to  expose  even  subtle  differences  among  the 
various  modeis.  Over  a  seven-day  interval  (from  1200 
UT  on  12  March  to  1200  UT  on  19  March),  about  2000 
spectral  estimates  were  produced,  with  as  many  as 
twenty-five  nearly  simultaneous  and  coincident  estimates 
at  each  of  the  two  ship  locations  (four  from  the  ship, 
six  from  the  aircraft,  six  from  models  using  separate 
winds,  and  nine  from  models  using  common  winds). 

This  comprehensive  set  of  evolving  directional  spedra. 
all  processed  and  displayed  in  a  common  format,  is 
unique  and  unprecedented.  Not  surprisingly,  no  set  of 
spedral  estimates  from  a  single  source  is  identical  to  that 
from  any  other  source.  These  disparities  among  the  spec¬ 
tral  comparisons  have  provoked  valuable  controversy  on 
the  source  wind  fields,  the  surface  spectral  e.stimates.  the 
aircraft  spedral  estimates,  and  the  wave  model  spectral 
estimates.  The  following  articles  in  this  volume  present 
and  elaborate  upon  many  of  the  di.sparities. 

The  comprehensive  spedral  intercomparison  effort  was 
named  the  Labrador  Sea  Extreme  Waves  Experiment 
(i,EWT.X),  There  was  no  single  impetus  for  i  <  wf.x.  but  the 


moment um  that  suvt, lined  it  is  an  indication  ot  ihc  inter 
national  intcreM  in  inipfovtng  tvean  wave  prediction 
V\iih  iniprovai  wave  models,  guided  by  anlicifiiaicxJ  vatet 
Itie  directional  wind  estimates  aitd  senfied  oy  compiatu'n 
lary  satellite  direeiional  vsave  cstiniatcs.  wave  toicvastmg 
skill  should  also  imptovc,  but  only  it  the  s;tielli!t  intor 
rnation  is  properly  assimilaic'd.  In  general,  there  will  tv 
biases,  uncertainties,  and  undersainpling.  1  i  wj  x  has  re 
scaled  that  many  ot  the  biases  and  uncenasniies  reside 
in  unexpcded  places. 

MOTIV.ATION  FOR  I  EWL  X 

Improved  isccan  vsave  predictions  arc  iniponant  tor 
ship  guidance  in  coastal  areas  and  along  the  major  vKX'aii 
routes.  They  arc  a  necessary  component  of  any  serious 
attempt  to  improve  saidy  at  sea.  For  example,  as  Kicidcen 
describes  in  the  following  amclc.  Norway  has  a  notori¬ 
ous  problem  to  ensure  ship  safety  all  along  iis  exposetl 
westeni  ctxist.  Complc.v.  muliumxlal  seas  arc  translormed 
by  variable  coastal  currents  and  bathymdry  to  prrxiucc 
some  especially  ha/aidous  regions  along  the  exvist ,  Know 
ledge  of  the  multimodal  seas  (or  more  specifically,  the 
dircdional  energy  specTrum)  can  be  combined  with  specit- 
ic  vessel  transfer  functions  to  predict  vessel  motions,  and 
to  a.ssign  safety  risk  factors  to  the  vessel  as  a  function 
of  time  and  location.  The  accuracy  of  these  calculations 
however,  can  be  exiremcly  sensitive  to  errors  in  the  initial 
(dccp-vvaicr,  current-free)  spcciral  estimate.  Figure  1 
shows  an  example  of  an  opcn-ixcan  operation  in  which 
the  vessel  motion  clearly  creates  a  nuisance. 

On  a  less  immediate  but  ultimately  more  profound 
scale,  an  accurate  description  of  the  sea  surface  can  help 
refine  our  know  ledge  and  understanding  of  global  climate 
dynamics.  Large-scale  rxean  currents  (c.g..  the  Guh 
Stream,  which  acts  as  a  conduit  to  transfer  heat  from 
equatorial  to  poliir  rcgion.s)  arc  driven  largely  by  the  mean 
surface  winds  over  the  ocean.  The  atmosphere  is  coupled 
to  the  ocean  through  the  surface  drag;  higher  drag  allows 
more  efficient  coupling.  But  the  drag  depends  intimately 
on  the  properties  of  the  surfac'c  waves.  Shon,  steep,  wind- 
driven  (“young")  waves  offer  much  more  drag  than  long, 
gentle  (“old”)  swell  for  the  same  wind  speed.  Even  though 
this  wave-dependent  aspect  ol  drag  is  now  commonly 
recognized  (see  the  panel  discussion  in  this  volume),  ns 
behavior  as  a  function  of  the  underlying  directional  wave 
spectrum  is  still  poorly  undcrstrxxl.  Consequently,  none 
of  the  wave  models  at  the  major  forecast  centers  incor¬ 
porates  a  wave-dependent  drag,  This  omission  (even  as- 


suming  that  all  other  things  are  perfect)  likely  results  in 
substantial  modeling  errors  in  the  initial  stages  of  wave 
growth  or  in  rapidly  evolving  winds.  When  these  and  oth¬ 
er  subtle  but  important  effects  are  more  clearly  under¬ 
stood,  the  physics  can  be  incorporated  into  numerical 
wave  models.  Such  mcxlels,  in  turn,  will  become  an  es¬ 
sential  component  of  the  coupled  ocean-atmosphere  spec¬ 
ification,  and  will  lead  to  more  accurate  descriptions  of 
many  of  the  flu.\es  that  influence  global  change.  In  the 
concluding  anicie  in  this  volume.  Hasselmann  further 
elaborates  on  the  imponant  role  of  improved  wave  models 
in  global  climate  modeling. 

These  two  major  problems— the  first  operational  and 
immediate,  and  the  second  scientific  and  long-term— 
helped  shape  i.ewex  and  influenced  the  composition  of 
its  panicipants.  But  another,  equally  central,  issue  wa.s 
this:  the  prediction  of  future  directional  wave  spectra  is 
fundamentally  limited  by  our  ability  to  specify  it  in  the 
present.  In  the  open  ocean,  especially  in  high  seas,  no 
absolute  or  even  primary  standard  e,xists  for  determining 
the  directional  wave  spectrum,  either  by  model  or  by  mea¬ 
surement,  either  in  situ  or  remotely.  Consequently,  i  tw- 
E.x  also  became  a  search  for  consensus,  for  systematic 
anomalies,  and  for  unexpected  agreements.  All  three  is¬ 
sues — safety  at  sea,  climate  dynamics,  and  the  search  for 
consensus — become  most  problematic  in  extreme  (e.g.. 
growing,  high,  multimodal)  seas. 

THE  LEWEX  INTEREST  GROUPS 

Lewex  was  born  from  a  chance  union  of  three  sepa¬ 
rate  interest  groups:  numerical  CKean  wave  modelers 
(mainly  oceanographers  and  physicists),  radar  remote 
sensing  scientists  (mainly  electrical  engineers  and  radio 
scientists),  and  ship  motion  experts  (mainly  naval  ar¬ 
chitects  and  hydrodynamic  engineers).  The  three  groups 
rarely  have  the  chance  to  join  in  a  common  enterprise, 
but  in  1987,  special  circumstances  provided  an  unusual 
opportunity. 

Ocean  Wave  Modelers 

Quantitative  schemes  for  predicting  ocean  waves 
through  estimates  of  the  time-space  history  of  the  surface 


svind  have  been  available  since  the  early  195tK  I  he  fits! 
ideas  were  largely  empirical,  based  on  ship  observations 
Nevertheless,  they  yielded  rough  estimates  o!  the  wave 
height  and  peruxl  I  his  piimiiivc  (but  useful)  cmpincisni 
yielded  in  the  196(K  to  the  rcali/ation  that  the  preilictive 
problem  was  better  characteri/ed  by  a  spectra!  evolution 
based  on  an  energy  balance  of  generation,  dissipation, 
and  wave-wave  interaction  terms.  Since  then,  as  physical 
insight  has  followed  careful  mca.surcmeni .  ihrtT  genera¬ 
tions  of  wave  nuxJcIs  have  emerged,  ail  having  the  com 
mi>n  goal  of  predicting  directional  wave  spectra  in  ihe 
open  tKcan  from  twelve  hours  to  three  or  more  days  in 
advance.  .-Ml  three  genoraiionv  use  finite  difference 
schemes  to  .grow,  propagate,  disperse,  and  dissipate  the 
waves.  The  first  differs  fundamcnialiy  from  ihc  second 
and  third  in  assuinpiions  abr^ul  the  physics  that  shapes 
the  equilibrium  spcctnim;  in  particular,  second-  and  third- 
generation  mtxlcls  incorporate  a  wave-wave  interaction 
mtx'hanism  that  acts  to  enhance  energy  in  the  region  of 
the  spcxtral  peak.  Hasseimtuin  in  this  volume  gives  a  con¬ 
cise  historical  perspective  of  the  evolution  of  w  jrid-wavc 
modeling  since  1947. 

IX'spite  their  empiric.il  refinement,  second-generation 
models  are  not  always  superior  in  performance  to  first- 
generation  models.  Most  recently,  third-generation  mod¬ 
els,  in  which  approximations  of  the  wave-wave  interac¬ 
tions  arc  calculated  at  each  time  step  (important  in  rapid¬ 
ly  turning  winds),  have  become  practical.  Tliey  have  tend¬ 
ed  to  be  computationally  inten.sive,  however,  and  their 
practical  superiority  to  existing  first-  and  second-genera¬ 
tion  spectral  predictions  is  not  ea.sy  to  demonstrate.  In 
early  March  1987,  the  first  and  most  highly  refined  third- 
generation  wave  model  iw-xmi’  became  operational  at 
the  European  Centre  for  Medium  Range  Forecasts,  just 
in  time  to  participate  in  iFwi  x. 

Remote-Sensing  Scientists 

The  science  and  technology  of  radar  has  cv  ols  ed  rough¬ 
ly  in  parallel  vvith  the  developmcni  of  wind  wave  models. 
The  first  crude  realization  of  a  symh  N-  aperture  came 
in  the  late  195()s.  but  syiuhesis  did  not  become  practical 
until  the  1960s,  when  large-diameter  optics  were  intro- 


duced  to  accomplish  signal  corrcUuion  '  B>  1%5, 
oceanographers  were  advocaiing  “picsent  da>  raditr  itvh 
nology  to  give  a  complete  description  of  the  sea  state."  ' 
By  then,  potential  scientific  applications  for  military  radar 
technology  were  beginning  to  emerge.  .Many  of  the  appli 
cations  were  based  on  e.xploiting  environmentally  derK.*n- 
dent  backscatter  from  the  ocean.  In  the  1970s,  three  quite 
distinct  aircraft  radar  techniques  were  explored  by  n  \s\ 
for  probing  the  ocean  surface  on  scale's  (tens  to  hundretls 
of  meters)  that  might  yield  remote  estimates  of  the  direv- 
tional  wave  spectrum:  (1)  the  surface  contour  radar  ist  K). 
a  narrow-beam,  nadir-centered,  raster  scanning  aliim- 
eter;'‘  (2)  the  radar  iKean  wave  spectrometer  ikowsi,  a 
fan-beanr,  off-nadir-ceniered,  conically  scanning  altim¬ 
eter;'  and  (3)  the  synthetic  aperture  radar  (svk).''  .-\I1 
three  could  gather  directional  wave  information;  the 
raster-scanning  s<,k  is  the  most  direct  and  primary  meth¬ 
od,  relying  primarily  on  precise  timing  to  map  ocean  sur¬ 
face  elevations.  Only  rows  and  s.-\r  can  be  practically 
configured  for  a  satellite,  however,  and  both  (especially 
the  s.-\R)  must  rely  on  less  direct  properties  of  radar  back¬ 
scatter  from  the  ocean  for  their  spectral  estimate-*. 

In  1978,  N.-\SA  flew  the  first  civilian  sar  on  Scasai.  the 
world’s  first  purely  oceanographic  radar  satellite.  The 
Scasat  S.AR  was  indeed  able  to  monitor  important  aspecis 
of  the  spatially  evolving  specirum  over  hundreds  of  kilom¬ 
eters,  but  the  moving  ocean  scatterers  created  a  Doppler 
spread  in  the  radar  signal  that  aaed  as  a  severe  wave  filter 
in  the  along-track  direction.**  Unfortunately,  few  oppor¬ 
tunities  existed  under  Seasat  to  compare  the  SAR-esti- 
mated  directional  wave  spectrum  with  other  independent 
estimates.  This  situation  was  panially  rectified  in  late  1984, 
under  the  much  lower-altitude  (and  thus  less  severe  Dopp¬ 
ler  smearing)  shuttle  imaging  radar  isiR  Hi.  Off  the  south- 
we.st  coast  of  Chile  on  four  separate  days,  spectral  esti¬ 
mates  from  the  shuttle  sar  and  from  the  st  R  and  rows, 
both  mounted  on  a  nasa  aircraft,  further  indicated  that 
a  lower-altitude  orbiting  sar  could  (three  times  out  of 
four)  give  reasonable  spearal  estimates.''  Those  skepti¬ 
cal  of  remote  sensors,  however,  could  (and  did)  protest 
that  no  “direct”  in  situ  measurements  existed  to  verify 
any  of  the  remote  estimates.  Indeed,  previous,  but  far 
from  comprehensive,  separate  comparisons  had  been 
made  of  both  the  scR  and  rows  against  directional 
buoys.  Since  those  were  only  two-way  comparisons,  they 
did  not  permit  any  consensus-building,  and  could  not  be 
construed  as  definitive.  By  the  time  of  lewex,  all  three 
radar  techniques,  properly  used,  clearly  could  yield  some¬ 
thing  closely  related  to  the  actual  directional  wave  spec¬ 
trum,  but  the  subtleties  of  the  sar  instrument  transfer 
function  were  still  very  much  in  question. 

Ship  Motion  Experts 

Accurate  prediction  of  ocean  waves  in  coastal  areas  has 
been  an  important  component  of  maritime  planning  ever 
since  World  War  II.  In  the  intervening  half-century,  un¬ 
derstanding  ship  motion,  internal  stress,  and  fatigue  (both 
to  material  and  to  personnel)  have  been  central  issues  to 
hydrodynamicists  and  naval  architects.  By  applying  con¬ 
cepts  of  linear  systems  theory,  the  surface  ocean  wave 
spectrum  (or,  in  the  case  of  a  moving  vessel,  the  “en- 


couiiicf"  N|xvirum)  i--  iiaiishuiiicd  iiiiu  sc*>-cl  iiuniun 
ipitdi.  roll,  and  ficau'/  by  wa>  d!  the  lowl  uaiisia  June- 

tlOll.  '  U)  the  CViCMt  ifi.li  ItiC  tC*SX>llM.-  is  hliCU! 

and  Us  tiaiisici  iunciion  is  known.  kiiuwlcu.cc  ol  tlic  tn 
counter  dira.tional  sfstviiuni  is  suftkieii!  lo  ikierirnnc  the 
ship  niolituis.  In  such  cases,  the  ptohlcrii  c.iii  lx-  scakxl 
dtwvn  bv  a  tacior  oi  10  to  100,  ix-nnuiiiic  moiuiii  and 
capsi/c  studies  in  iikkIcI  basins  By  exciting  sviKfirutu/ed 
onliogonal  sets  ot  paddkw.  the  tiKnc  -Ai|>hisi)caicd  ol  tiiese- 
basiiis  can  simulate  lull  directional  wa\c  sjvctra. 

l-.\cn  though  ship  design  cniena  are  soil  s|xvi}ied  sun 
pK  in  terms  ol  wave  height,  or  at  most  m  terms  oi  a  otic 
dimensional  (uniiiKxlail  s[x\,inini.  these-  siiiiphrications  me 
not  nonnalK  justified.  The  ojvn  txean  wa\e  spectrum 
Is  oltcn  (perhaps  usually)  multimodal.  -Xeeuiaie  torexasis 
ol  directional  wave  spectra  are  Ihereldie  essential  to  pre 
diet  ve-sse-l  and  offshore  tower  motions,  internal  stresses, 
and  siitely  factors  for  various  devk  and  lower  operations 
(Significantly,  this  point  was  also  made  ne'arly  thiny  years 
ago  in  a  similar  conlerenee  on  rxean  wave  spxvira,  '  1 
.•\ccuratc  threv-  to  ten-day  forecasts  would  be  extremely 
useful  fe>r  transixeamc  ship  guidartce  and  lot  more  reli 
able  estimates  of  port  ;irrivals. 

In  1984.  a  wio  research  study  group  on  full-scale 
wave  measurements  was  formed  lo  investigate  mcthtxls 
of  measuring  and  specifying  the  multimcxial  (dircxtional) 
behavior  of  the  sea  using  ship  instrumentation  such  as 
buoys  and  navigation  radar.  By  198.''.  "full-sealc"  (i.e.. 
at-sea)  trials  were  being  planned  in  the  North  Atlantic  us¬ 
ing  the  Tydeman  and  the  Quest.  Also  by  the  mid-1980s, 
the  fhree-wav  (sr  r,  rows,  and  sar)  spcciraJ  comparisons 
from  sir  »  were  indicating  remarkable  agreement  among 
sensors,''  and  the  w  am  develcipxTs  were  testing  global 
versions  of  their  third-generation  model  on  the  Cray  com¬ 
puter  at  the  European  Centre  for  Medium  Range  Weather 
Forecasts. 

By  1985,  then,  the  time  sc'cmed  ripe  for  a  field  exper¬ 
iment  in  high  seas  that  would  include  as  many  methods 
as  possible  for  estimating— nearly  simultaneously  and 
coincidentally— the  directional  wave  spectrum.  Those 
methods  included  first-,  second-,  and  third-generation 
wave  models,  the  three  most  promising  radar  remote  sens¬ 
ing  techniques,  and  various  ship-based  techniques,  includ¬ 
ing  directional  buoys  and  marine  radars. 

CHOICE  OF  TIME  AND  PLACE 

By  early  1985,  if  WEX  began  to  take  tentative  form. 
At  that  time,  i  ewtx  was  envisioned  as  a  direct  successor 
to  the  N-vsA  siR-B  Chile  experiment,  but  to  occur  in  the 
North  Atlantic  under  the  sir  B  rellighi  (designated  sir  b  ), 
then  scheduled  for  March  1987.  To  suppon  the  interna¬ 
tional  polar  ice  research,  sihb'  was  to  have  been 
launched  from  the  western  U.S.  Test  Range  in  California 
into  a  nearly  polar  (88°  inclination)  orbit  with  a  slight 
westward  drift  (0.6° /day).  Canadian  researchers  were  par¬ 
ticularly  interested  in  exploring  whether  spaceborne  sar 
could  monitor  ice  dynamics  on  the  Grand  Banks  during 
March,  when  the  ice  field  reaches  its  maximum  extent. 
For  Canada,  improved  ice  monitoring  and  predidion 
would  directly  affect  the  economics  of  fisheries  and  oil 


exploration  in  the  eastern  maritime  provinces.  As  a 
precursor  to  their  own  Radarsat  program,  the  (  anadiaiis 
were  planning  the  L.abrador  lee  Margin  l'\(H.-riment  ;t  i 
stfcX)  under  the  sir  b  retlight,  to  be  supplemented  by  their 
own  multifrequency  aircraft  s\r,  which  in  1985  was  still 
under  development . 

Meanwhile,  in  the  naio  research  study  groups,  support 
was  building  to  join  the  sir  b'  ocean  waves  experiment. 
Nato  scientists  secured  commitments  for  both  the  Qimi 
and  the  Tydeman  to  conduct  at-sea  full-sciile  trirds  during 
March  1987.  The  ship  commitments  were  an  essential 
component  of  ttwi  x,  making  it  possible  to  extend  the 
scope  of  the  spectral  comparisons  vyell  beyond  the  1984 
siR-u  experiment  off  Chile. 

Then  in  January  1986,  the  Challenger  accident  tx.- 
curred,  taking  with  it  all  hope  of  obtaining  sak  occai\  im¬ 
agery  from  orbit  for  several  years.  The  next  few  weeks 
were  an  uncertain  time  for  i  f-yyr.x,  but  by  .April  a  modi¬ 
fied  strategy  had  emerged,  wherein  the  Canadian  aircraft 
SAR  came  to  play  a  central  role  not  only  for  i  ivii-x,  but 
also  for  i.F,yyt;\.  A  commitment  from  the  Canada  Centre 
for  Remote  Sensing  for  five  flights  of  their  CV-580  sar 
aircraft  was  the  final  catalyst  that  ensured  the  experiment. 
Coordination  between  the  tyvo  experiments  became  es¬ 
sential:  t.iMFX  required  broad  near-shore  coverage  for 
generating  ice  mosaics,  but  i  ewt-x  required  multiple  pass¬ 
es  over  ships  well  out  in  open  water.  Conversely,  the 
merging  of  t  iviF.x  and  i  FWFX  eventually  proved  to  have 
logistically  important  side  benefits,  and  some  of  the  im¬ 
agery  of  waves  traveling  through  floating  ice  provided  new 
insight  into  the  sar  wave-imaging  mechanisms. 

The  final  choices  of  time  and  place  for  i  fw  f:x,  then, 
emerged  from  the  following  basic  constraints; 

1.  The  Quest  and  the  Tydeman  were  available  only 
for  the  month  of  March,  including  two-way  tran,s-Atlantic 
passage  for  the  Tydeman. 

2.  Levvex  and  limex  competed  for  a  single  common 
resource,  the  aircraft  sar  based  from  a  single  airfield; 
fevvex  flights  were  looking  for  passing  storms  with  evolv¬ 
ing  multimodal  spectra,  while  i.imf:,\  flights  were  look¬ 
ing  for  dynamic  ice  field  conditions. 

3.  The  N..\SA  P-3  aircraft,  containing  both  the  scR 
and  ROWS,  was  supported  for  only  four  flight  days  (eigh- 
t^n  flight  hours),  including  two-way  transit  from  Wallops 
Island,  Virginia. 

Among  the  elements  of  risk  and  uncertainty  were 

(1)  daily  constraints  on  the  aircraft  to  .secure  acceptable 
alternate  landing  sites  and  to  fly  complicated  patterns  at 
varioas  altitudes  in  one  of  the  world’s  busiest  air  corridors; 

(2)  constraints  on  the  ships  to  deploy  and  recover  large 
experimental  buoys  in  high  seas;  and  (3)  the  possibility 
that  ice  might  completely  close  St.  John’s  harbor  just  be¬ 
fore  the  onset  of  the  experiment,  when  both  ships  needed 
access  both  to  enter  and  to  exit. 

Some  salient  features  of  the  wave  and  ice  climate  in 
the  winter  North  Atlantic  are  shown  in  Figure  2,  along 
with  the  route  of  the  Tydeman  from  .southern  England 
to  St.  John’s,  Newfoundland,  during  the  first  days  of 
March.  The  figure  shows  a  steep  gradient  in  wave  climate 
north  and  east  of  Newfoundland,  with  a  broad  region 
in  which  the  significant  wave  height  isvvh)  exceeds  10  m 
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a!  Ica'-i  ten  iuiwa  a  veat,  1  he  tinai  1 1  wi  x  siic^  were  io 
cated  well  within  ilu-,  reuioii,  and  vei  clove  eiKnieh  to  ihe 
aiierafi  base  in  ti.mdei  (wiiluii  375  luni.  as  it  lunicd  ouU 
to  alk'w  overihghls  b>  the  two  airerat!,  and  sutficientiy 
siuiihward  to  allow  exposure  to  subsumual  wave  energy 
arriving  Ironi  ihrce  quadianis.  I  igure  2  also  gives  a  him 
of  ;i  majiH  winter  storm  that  slowed  the  Tydeman  on  8 
March,  and  the  extensisc  ice  sheet  just  east  of  Newtound 
land  that  nearly  immobili/ed  the  ship  as  u  approaehetl 
St.  John’s  harbor. 

By  March,  the  wave  elinuile  in  the  winter  North  .At 
laiUie  IS  rapidly  ametioiaung.  Figure  3  shows  that  ttic 
probability  o!  eneoumering  a  2l>-fl  (6  1-m)  wave  event 
in  the  1 1  vvi  \  region  in  March  is  scarcely  more  than  halt 
what  it  is  in  January.  '  Moreover,  f  igure  4  (trorii  (ico 
sat  wave  height  estimates)’’  shows  that  198''  was  one  of 
the  quieter  years,  with  the  iiwix  region  expcriciieing 
only  a  3-m  March  average,  down  from  more  than  4  m 
in  March  1986.  Ironically,  the  last  major  event  of  the 
1986-87  winter  (at  least  9.5-m  waves  driven  by  25-m  s 
winds)  passed  through  the  1 1  wi  x  region  on  8  March  and 
was  encoimtered  by  the  Tydeman  en  route  lo  St.  John's. 

I  hese  two  obstacles  (the  storm  and  the  ice  pack  Hiltimate- 
ly  prevented  both  ships  from  reaching  their  1 1  wi  \  sites 
until  early  on  14  March.  .McCloskey  ‘‘  gives  a  further 
chronology  of  events  from  9  March  to  19  March. 

Figure  5  shows  the  extent  of  the  ice  field  around  St. 
John's  harbor  as  the  two  ships  traveled  south  on  10  and 

II  March  around  the  ice  pack  and  then  nonheast  into 
strong  headwinds  on  12  and  13  March.  By  14  March, 
the  two  ships  were  positioned  at  adjacent  numerical 
model  grid  points  of  the  C.S.  Navy  Global  .Spectral 
Ocean  Wave  Model,  c, sow  si  (the  Quest  at  50°N. 
47.5°W;  the  Tydeman  at  50°N,  45°W),  From  Gander. 


Figure  2.  Wave  and  ice  climate  in  the  North  Atlantic  m  win¬ 
ter.  also  showing  the  route  of  the  Tydeman  from  southern  En 
gland  to  St  John's.  Newfoundland,  from  3  through  10  March 
1987.  Contours  show  number  of  occurrences  of  waves  exceed¬ 
ing  10-m  signi'icant  wave  height  in  the  10-year  interval  from  1959 
to  1969.  from  U.S.  Navy  model  hindcasts  Ice  coverage  is  tor 
10  March  1987, 
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Figure  3.  Probability  of  significant  wave  height  exceeding  20  ft 
(6.1  m)  in  the  North  Atlantic.  A.  January.  B.  March. 


A  B 


West  longitude  (deg) 


Figure  4.  Monthly  averages  of  significant  wave  height  tor  the 
North  Atlantic  in  March  from  Geosaf.  A.  The  year  1986.  B.  The 
year  1987. 


till*  fanadian  (A  58(1  and  tSic  '-vss  F  t  planned  thci! 
llighi^  lo  tra\el  cai^iwurd  at  ‘'()“N  iatnude  Ironi  5(rA\ 
io45'’\\  and  lo  puss  ovet  iht  J  vdenian  daily  ai  abiui! 
I2(K)  f  1  (083(1  kx.a!  nine),  ei'meidcnt  wall  ihc  xantHis 
model  lorecasts.  .Aside  from  a  single  mooted  buoy  at 
each  ship,  all  buoys  were  deployed  sescral  henirs  beloie 
aircraft  oserpasses  and  were  recovered  several  liours  aOei 
the  overpasses,  all  generally  in  daylight  hours,  bui  some 
times  after  dark  and  with  great  difticuliv. 

The  problem  of  successfully  deploying  and  recovering 
buoys  was  a  major  concern.  Not  only  was  (x-rsonnel 
safety  at  stake,  but  expensive  ■‘one  of  a  kind"  ex|XTi 
mental  buoys  were  at  risk.  Before  (he  espenincnt.  eacii 
ship  had  determined  its  own  guidelines  lor  Ixnh  dcplov 
ment  and  recovery.  The  larger  and  more  versatile  Tvde- 
man  could  deploy  buoys  m  seas  up  to  24  ft  (7,4  m)  and 
recover  them  in  seas  up  to  15  ft  (4.6  ml.  C  omparablc 
limits  for  the  Quest  were  12  ft  (3.7  rn)  for  both  deploy¬ 
ment  and  recovery.  F-or  this  reason,  the  Tydeman  was 
positioned  at  the  more  open  (eastward)  site,  where  sea 
conditions  were  expected  to  be  more  severe.  As  a  graphic 
illustration  of  the  potential  buoy  recovery  problem.  I  tg- 
ure  6  shows  U.S.  Navy  wave  forecasts  in  the  1 1  vvt  \  re¬ 
gion  for  the  first  quarter  of  1987,  along  with  deployment 
and  recovery  limits  for  the  two  ships.  Clearly,  daily  re 
covery  of  buoys  in  .lanuary  or  l  ebruary  would  not  have 
been  feasible,  even  during  the  relatively  quiet  1986-87 
winter. 

LEWEX  WIND  AND  WAVE  CONDITIONS 

By  the  onset  of  the  experiment,  four  independent 
.sources  of  North  Atlantic  wind  fields  were  available  to 
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Figure  5.  Ice  field  in  the  lewex  region  on  10  March  1987 
(adapted  from  Canadian  Atmospheric  Environmental  Service 
data).  Also  shown  are  the  ship  tracks  of  the  Quest  and  the  Tyde¬ 
man  from  St.  John  s  to  their  lewex  sites  The  two  aircraft 
departed  from  Gander  to  rendezvous  with  the  Tydeman.  usual¬ 
ly  around  1200  UT.  "Thick  ice "  is  greater  than  about  1  m 
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drive  six  separate  wave  models,  three  in  North  America 
and  three  in  Europe.  Even  though  some  models  were 
driven  well  after  the  experiment  itself,  the  results  provide 
a  good  estimate  of  the  confidence  limits  of  modern  wave 
forecasting.  Figure  7  shovss  the  wide  spread  in  12-hour 
advance  predictions  in  swh  from  four  models  at  the 
Tydeman  site  from  0000  UT  on  12  .March  through  1200 
UT  on  19, March.  Each  model  was  driven  vvith  separate 
wind  field  estimates,  but  all  winds  were  derived  from 
essentially  the  same  set  of  available  ship  reports.  Tabic 
1  summarizes  salient  features  of  the  data  sources  and 
the  pedigree  of  the  wave  models.  Also  included  in  Figure 
7  for  comparison  are  the  measurements  from  the  Nor¬ 
wegian  Wavescan  buoy,  moored  at  the  Tydeman  site 
from  0430  UT  on  14  March  until  2200  UT  on  18  March. 

The  disparity  among  estimates  in  even  such  a  simple 
descriptor  as  swh  aptly  illustrates  the  need  for  improved 
forecasts.  Although  each  forecast  correctly  predicts  the 
passage  of  two  events  separated  by  about  three  days, 
individual  prediaions  of  the  strengths  of  both  events  vary 
by  nearly  a  factor  of  2,  and  predictions  of  passage  time 
differ  by  up  to  a  day.  Because  each  model  was  driven 
by  a  separate  wind  field,  individual  model  performance 
cannot  be  assessed  from  these  results.  Neither  can  the 
model  estimates  be  compared  with  measurements  for  the 
earlier  and  stronger  event,  since  the  Wavescan  buoy  was 
deployed  too  late  to  capture  the  first  peak.  Differences 
are  just  as  likely  to  be  caused  by  the  wind  fields  as  by 
the  model.  To  investigate  model  differences  per  se,  a 
common  lewex  wind  field  was  created  to  drive  all  wave 
models  with  identical  winds.  As  some  of  the  subsequent 
articles  in  this  volume  indicate,  the  variability  seen  in 
Figure  7  was  cau.sed  at  least  as  much  by  the  wind  fields 
as  by  the  models.  This  conclusion  was,  in  fact,  one  of 
the  clearest  results  of  i  ewex— that  wind  field  errors  re¬ 
main  one  of  the  single  largest  sources  of  forecast  errors, 
often  masking  all  the  potential  advances  made  in  wave 
model  physics  over  the  last  three  decades. 

Although  lewex  was  concerned  peripherally  with 
wave  height  estimates,  its  central  interest  was  with  the 
associated  evolving  directional  wave  spectrum.  Figure  7 
suggests  that  multiple  wave  systems  were  present  at  the 
Tydeman  during  i.ewex,  but  it  reveals  nothing  of  their 
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Figure  7.  Twelve-hour  wave  height  forecasts  during  iewex 
from  four  different  numerical  wave  models,  each  using  its  own 
estimate  of  the  wind  field  (wam  with  ecmwe  winds  m  red,  odgp 
with  ODGP  winds  in  blue.  GSOwm  with  fnoc  winds  m  green,  and 
UKMO  with  uKMO  winds  in  orange).  Also  shown  are  measure¬ 
ments  from  the  Norwegian  Wavescan  buoy  (in  purple) 


Tabte  1.  Sources  of  wave  forecasts  m  Figure  7  using  indepen 
dentiy  generated  wind  fields 
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L'.K,  Meteorological  Office 
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fjSOWM — Global  Spectral  Ocean  Wave  Model 
ODGP— Ocean  Data-Gathering  Program 
i;km() — United  Kingdom  Meteorological  Offia’ 
wam — W'ave  Vlodcl 


character.  In  fact,  at  least  six  or  seven  separate,  spatially 
and  temporally  evolving  wave  systems  were  passing 
through  f  EWf  .\  during  the  .seven-day  period,  each  hav¬ 
ing  a  characteristic  pcrsi.stcncc  of  from  one  to  three  days. 
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Usually  two,  but  occasionally  even  three,  separate  wave 
systems  coexisted  at  least  in  some  of  the  mcxlel  estimates. 

The  complete  time  history  of  the  evolving  directional 
spectrum  cannot  be  conveyed  in  only  two  dimensions. 
Even  the  evolution  of  the  dominant  wave  vectors  (thetr 
wave  number,  direction,  and  amplitude),  however,  con¬ 
veys  much  of  the  information  about  the  multiple  generat¬ 
ing  sources  that  are  totally  lost  in  a  simple  time  history 
of  ,sv\H.  Figure  8  is  a  graphical  format,  funher  refined 
by  Ceding  in  this  volume,  that  attempts  to  capture  the 
temporal  wave  histor>'  of  i.i;\vi,\  at  the  Tydeman.  In  this 
figure,  the  logarithm  of  the  dominant  wave  number  (con¬ 
verted  to  equivalent  wavelength  and  wave  period)  is  plot¬ 
ted  against  time.  Vector  sets  whose  base  positions  repre¬ 
sent  wave  number,  and  whose  direction  and  amplitude 
correspond  directly  to  their  counterpans  in  vector  wave 
number,  separate  naturally  into  nearly  autonomous 
clusters.  The  behavior  of  these  clusters  can  reveal  much 
about  their  generating  sources.  For  example,  in  Figure 
8,  negative  slopes  (wave  vector  sets  with  decreasing  wave 
number  versus  time)  suggest  developing,  locally  wind- 
driven  waves,  and  positive  slopes  suggest  dispersive  swell 
arriving  from  a  distant  source.  Within  a  cluster,  negative 
slopes  are  associated  with  wave  growth,  positive  slope  with 
time  and  place  of  wave  generation,  and  minimum  wave 
number  with  time  of  closest  approach  and  maximum 
generating  winds.  These  associations  suggest  that  clusters 
of  evolving  vector  wave  numbers  contain  specific  infor¬ 
mation  on  the  nature  of  the  generating  winds.  If  a  space- 


borne  svK  could  make  reliable  esniitaies  ot  the  veetot 
wave  number  at  suliieieni  detisilv.  i!  might  be  [Ksssible 
to  infer  errors  in  the  generating  wind  lields  fhese  intet 
enccs  would  be  much  more  direei  ihan  could  be  ttccom- 
plished  with  significant  wave  height  estimates  troni  sat¬ 
ellite  altimetiA  ,  since  the  s\k  estimates  implicitb  contain 
the  velocities  of  all  vector  wave  iuiiiiIxts. 

EX.4MF>1  F,S  OF  LEWE.X 
DIRECTIONAL  SPECTRA 

Figure  8  shows  how  the  dominant  peaks  of  the  seven 
(more-or-less)  separate  wave  systems  of  1 1  wt  x  evolved 
in  lime.  The  figure  also  shows  sample  times  sif  the  three 
aircraft  remote  sensors  (dails  at  about  12(X)  U1  when 
possible)  and  the  intervals  over  which  the  two  moored 
buoys  were  operating.  The  wave  number  evolution  is 
only  schematic,  of  course,  since  substantial  scatter  existed 
among  the  various  estimates,  and  the  evolution  at  the 
Quest  was  measurably  different  from  that  at  the  Tyde- 
man.  Nevertheless,  the  figure  suggests  that  daily  sampl¬ 
ing  by  the  remote  sensors,  if  that  would  have  been  pos¬ 
sible,  would  have  captured  the  dynamics  of  all  but  the 
shortest  (<  100  m)  wave  systems.  For  various  reasons 
alluded  to  above,  daily  sampling  from  all  three  sensors 
was  impractical.  Flowevcr,  at  least  one  sensor  flew  on 
each  of  six  days,  at  least  two  flew  on  four  days,  and 
all  three  flew  on  two  days.  On  all  but  the  first  flight  day, 
collaborating  buoy  estimates  were  available  from  at  least 
one  and  usually  both  of  the  ships. 
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Figure  0.  Temporal  wave  vector  history  of  lewex  at  the  Tydeman.  showing  the  evolution  of  several  distinct  wave  systems,  along 
with  the  approximate  times  for  both  aircraft  and  ship  measurements.  The  Tydeman  moved  to  the  Quest  position  late  on  18  March 
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The  most  dynamically  interesting  conditions  occurred 
around  1800  UT  on  13  March,  just  after  the  first  (trial) 
SAR  flight,  and  before  either  of  the  two  ships  were  in 
position.  At  that  time,  diminishing  dispersive  northerly 
swell  w'as  yielding  to  strong  northeasterlies  that  were  in 
turn  being  overtaken  rapidly  by  a  strong  south-south¬ 
easterly  system.  Figure  9  shows  a  spectral  comparison 
from  nine  separate  wave  models  at  1800  UT  on  13 
March,  ail  driven  by  a  common  wind  field,  w  hich  at  the 
Tydeman  was  turning  from  nonheast  to  southeast  at 
about  6°/h.  In  this  rapidly  changing  wind  field,  large 
differences  among  models  appear.  Although  some  mtxl- 
els  retain  a  substantial  component  of  old  swell  (e.g.,  both 
first-generation  models,  the  noaa  second-generation 
model,  and  the  nasa  third-generation  model),  others 
show  a  nearly  completed  transition  to  the  fresh  wind- 
driven  system  (e.g.,  the  second-generation  U.K. 
Meteorological  Office  [urmoi  model  and  the  third- 
generation  Bedford  Institute  of  Oceanography  into] 
model  [WAM  with  ice-field  modeling]). 

Unfortunately,  no  simultaneous  measurements  of  the 
spectrum  were  available,  but  even  if  they  had  been,  un¬ 
certainties  in  the  wind  field  would  have  cast  doubt  on 
any  attempt  to  determine  absolute  model  performance. 
Again,  this  uncertainty  in  the  driving  wind  fields  per¬ 
vades  LEWE.x  and  would  pervade  any  similar  open-ocean 
experiment  in  which  the  far  wind  field  was  an  important 


Figure  9.  Directional  frequency  spectra  at  1800  UT  on  13  March 
from  nine  separate  numerical  wave  models,  all  driven  by  a  com¬ 
mon  wind  field.  The  logarithm  of  spectral  energy  density  is  sepa¬ 
rated  into  evenly  spaced  contours,  with  each  spectrum 
nomnalized  to  its  individual  peak.  The  radial  dimension  is  propor¬ 
tional  to  the  logarithm  of  frequency,  with  the  outer  circle  at  a 
frequency  equivalent  to  a  wave  number  of  2w/50  rad/m.  Circles 
are  separated  by  factors  of  2  in  equivalent  wave  number;  con¬ 
tours  are  separated  by  factors  of  about  2  in  spectral  energy  den¬ 
sity  (m^  'S^).  Arrows  indicate  strong  easterly  wind  at  the  time 
of  the  estimates. 
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source  of  wave  energy.  Without  sulficienily  dense  wind 
field  monitoring  oter  all  fhe  potential  generation  areas 
(typically  hundreds  or  even  thousands  of  kilometers  from 
the  site),  no  wind  field  can  be  certified  as  bemg  accurate 
and  complete.  In  the  next  few  years,  satellite  scatterom- 
eters  will  alleviate,  but  not  eliminate,  this  problem,  since 
the  (imknow  n)  surface  wave  field  innueitces  the  scaiter- 
ometer  wind  algorithm  through  the  surface  drag  relation, 
and  fine-scale  wind  field  variability ,  although  extremely 
important  (see  the  panel  discussion  in  this  volume),  is 
typically  unknown. 

At  12(X)  UT  on  17  March,  near  the  time  of  the  second 
peak  in  swii  (Fig.  7),  the  directional  wave  spectrum  was 
simultaneously  estimated  at  each  ship  by  the  full  set  of 
sensors  and  models.  Figure  10  shows  this  full  set  of 
twenty-five  spectral  comparisons  at  the  Tydeman.  Here 
the  format  is  similar  to  that  of  Figure  9,  but  in  a  linear 
normalized  wave  number  plot.  The  figure  clearly  illus¬ 
trates  a  number  of  inherent  limitations  in  both  sensors 
and  models.  Figure  8  (schematic  only)  shows  two  nearly 
opposing  wave  systems  (one  from  the  south,  one  from 
the  north)  passing  through  iTwi-.\  at  1200  UT  on  17 
March.  From  Figure  10,  depending  on  which  of  the  twen¬ 
ty-five  estimates  is  assumed  to  be  true,  one  can  conclude 
that  either  of  the  two  wave  systems,  or  various  amounts 
of  both,  were  present.  Moreover,  estimates  of  the  direc¬ 
tion  of  both  systems  varv  by  up  to  45°,  and  estimates 
of  the  spectral  width  (in  '  oih  wave  number  and  angle) 
vary  by  more  than  a  far  r  of  3.  More  specific  conclu¬ 
sions  than  this  are  not  justified,  since  the  spectra  are  ail 
individually  normalized  to  the  spectral  peak,  and  a  linear 
display  will  not  expose  broad-band,  low-energy  systems 
in  the  presence  of  strong  narrow-band  systems. 

Even  so,  systematic,  and  sometimes  curious,  similar¬ 
ities  occur  among  spectra; 

1.  Aside  from  the  15°  direction  anomaly,  the  Wavec 
drifting  buoy  and  the  Wavescan  moored  buoy  give  es- 
sent'ally  identical  estimates,  while  the  Endeco  drifting 
buoy  and  the  ship  radar  agree  with  each  other  in  direc¬ 
tion,  but  differ  radically  in  angular  width.  (Note;  The 
Endeco  buoy  was  the  only  buoy  not  analyzed  by  maxi¬ 
mum  entropy.) 

2.  Again,  aside  from  a  15°  to  .30°  direction  anomaly, 
the  (radially  ambiguous)  aircraft  estimates,  including 
both  the  low-altitude  (a  range-to-velocity  ratio  of  about 
30)  and  high-altitude  (a  range-to-velocity  ratio  of  about 
50)  SAR,  agree  with  one  another  and  with  the  W  avescan 
and  W'avec  buoys. 

3.  Each  of  the  six  wave  models,  when  driven  with 
one  of  four  separate  wind  fields,  produces  a  dominant 
northward-traveling  system,  opposite  to  that  measured 
by  the  buoys,  and  also  differing  from  one  another  by- 
up  to  a  factor  of  2  in  wave  number  and  up  to  45°  in 
angle. 

4.  The  nine  wave  models,  when  driven  with  a  com¬ 
mon  wind  field,  all  produce  similar  (but  not  identical) 
estimates,  but  they  too  arc  all  northerly,  contrary  to  the 
results  of  the  buoys. 

One  explanation  for  this  curious  set  of  anomalies  is 
that  insufficient  strength  and/or  incorrect  timing  vvas  as¬ 
signed  to  the  wave-generating  region  to  the  north.  Alter- 
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Figure  10.  Twenty-five  nearly  simultaneous  and  coincident  estimates  of  the  directional  wave  number  spectrum  at  1200  UT  on 
17  March  at  the  Tydeman.  Ship-based  estimates  are  at  upper  left,  aircraft  estimates  are  at  upper  right,  model  hindcasts  with  sepa¬ 
rate  winds  are  at  lower  left,  and  model  hindcasts  with  common  winds  are  at  iower  right.  Buoy  frequency  spectra  have  been  con¬ 
verted  to  wave  number  spectra  through  the  deep  water  dispersion  relation.  Spectra  are  individually  normalized  and  are  linear  in 
wave  number  and  spectral  energy  density  (m"’),  with  the  outer  circle  at  27r/i00  rad/m  Contours  are  linearly  spaced.  Model  winds 
(3  to  10  m/s)  are  shown  by  the  arrows;  estimates  of  significant  wave  height  are  shown  by  the  vertical  bars  (full  scale  is  10  rn). 


natively,  all  models  may  contain  a  common  error  in  their  over  long  di.stances,  and  causing  distant  swell  to  arrive 

propagation  algorithm,  creating  excess  spatial  diffusion  early  (see  the  panel  discussion  in  this  volume). 
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Regarding  the  variability  within  the  measurements,  the 
evidence  suggests  that  the  true  wave  spectrum  was  highly 
variable  in  both  time  and  space,  but  that  significant 
directional  biases  also  occurred  among  the  buoys,  occa¬ 
sionally  as  high  as  45°.  This  degree  of  natural  variability 
and  cross-instrument  variability  was  somewhat  unexjxvt- 
ed.  A  further  set  of  estimates  two  days  later,  however, 
suggests  that  the  variability  was  not  unusual.  At  1200 
LIT  on  19  March,  after  the  Tydeman  had  left  its  origi¬ 
nal  position  to  rendezvous  with  the  Quest,  both  vessels 
encountered  simple  unimodal  swell  from  the  southwest 
with  an  swh  of  about  2  m.  Figure  1 1  shows  spectral  es¬ 
timates  for  a  sbt-hour  interval  from  three  separate  buoys, 
all  processed  identically  by  the  maximum  entropy  meth¬ 
od.  All  three  buoys  were  located  within  a  few  kilometers 
of  one  another  over  the  six-hour  interval.  The  evidence 
indicates  that  the  Wavescan  buoy  was  biased  15°  from 
the  other  two,  but  also  that  the  spectrum  varied  up  to 
15°  in  a  three-hour  interval.  Thus,  discrepancies  of  up 
to  30°  between  model  and  measurement  are  within  the 
possible  measurement  error. 

LESSONS  FROM  LEWEX 

Many  of  the  results  and  implications  of  lewe.x  are 
expounded  in  considerable  detail  in  the  following  articles 
and  also  in  the  panel  discussion.  However,  a  few  com¬ 
mon  threads  appear  throughout  many  of  the  articles; 

1 .  Wave  model  forecasts  often  disagree  with  one  an¬ 
other  because  the  models  are  not  driven  with  identical 
winds.  Even  though  the  various  wave  model  forecasts 
may  be  derived  from  identical  sets  of  surface  reports, 
the  surface  wind  field  and  associated  wind  stress  that 
result  from  a  sparse  set  of  reports  apparently  leave  much 
room  for  interpretation.  The  wind  field  differences  often 
overwhelm  model  differences.  Perhaps  as  a  direct  result, 
there  is  no  compelling  evidence  from  levvex  that  fore¬ 
casts  from  third-generation  wave  models  are  more  ac¬ 
curate  than  some  of  their  predecessors.  The  largest  model 
differences,  not  surprisingly,  arise  in  dynamic  rapidly 
changing  winds  that  produce  various  combinations  of 
swell  and  wind  sea.  In  such  circumstances,  the  surface 
drag  depends  strongly  on  the  surface  directional  spec¬ 
trum,  especially  when  the  wind  sea  is  in  an  early  stage 
of  development. 

2.  The  directional  wave  spectrum  in  the  open  ocean 
is  often  multimodal.  The  waves  in  such  cases  are  inade¬ 
quately  characterized  by  either  their  significant  wave 
height  or  their  one-dimensional  (or  unimodal)  spectrum. 
Vessel  motion  calculations  and  safety  risk  factors  derived 
from  a  reduced  version  of  the  two-dimensional  (direc¬ 
tional)  wave  spectrum  will  also  be  inadequate.  Especially 
in  coastal  regions  and  in  regions  of  strong  currents,  an 
accurate  estimate  of  the  directional  spectrum  is  essential 
to  calculate  the  stresses  on  marine  structure. 

3.  With  a  few  important  caveats,  the  directional  wave 
spectrum  can  be  estimated  adequately  on  the  ocean  sur¬ 
face  with  directional  buoys  and  ship  navigation  radars, 
and  remotely  with  radar  remote  sensors  that  include  the 
surface  contour  radar,  the  radar  ocean  wave  spectrom¬ 
eter,  and  the  synthetic  aperture  radar.  Each  of  the  tech- 
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Figure  11.  Three  sets  of  three-hourly  wave  number  spectra 
(converted  through  the  deep  water  dispersion  relation)  from 
three  directional  wave  buoys  at  the  Quest  location  on  19  March 
1987.  all  processed  identically  using  maximum  entropy  Spec¬ 
tra  are  plotted  in  a  form  identical  to  that  of  Figure  10  Top  row: 
Wavescan  buoy.  Middle  row:  Wavec  buoy  No.  1  Bottom  row: 
Wavec  buoy  No.  2. 


niques  will  yield  its  own  transformed  version  of  the 
temporally  and  spatially  varying  directional  spectrum. 
Each  will  have  its  owm  unique  spectral  and  spatial  or 
temporal  resolution  limits,  and  each  will  have  its  own 
unique  instrument  transfer  function.  Individual  spectral 
estimates  must  be  interpreted  in  the  perspective  of  the 
appropriate  (and  not  necessarily  linear)  instrument  trans¬ 
fer  function. 

4.  Forecasts  of  directional  wave  spectra  are  unlikely 
to  improve,  even  with  perfect  wave  models,  until  both 
the  wind  field  and  the  wave  field  estimates  improve. 
Some  integrated  properties  of  the  wind  field  may  be 
deduced  by  monitoring  the  wave  field  it  produces.  With 
satellite  radar  remote  sensors,  because  wind  field  esti¬ 
mates  are  wave-dependent  and  wave  field  estimates  are 
wind-dependent,  any  wind- wave  inversion  process  must 
be  iterative.  The  iteration  process  will  more  efficiently 
converge  with  accurate  satellite  estimates  of  the  complete 
directional  wave  spectrum,  rather  than  with  simply  the 
total  significant  wave  height. 

5.  The  temporal  evolution  of  the  dominant  wave  vec¬ 
tor  at  a  given  position  is  well-behaved.  In  lewex,  the 
wave  vectors  usually  separated  into  autonomous  clusters 
associated  with  individual  wave  systems.  The  analogous 
parameter,  the  spatial  evolution  of  the  dominant  wave 
vectors  at  a  (vinually)  fixed  time,  can  be  monitored  with 
either  a  spaceborne  .sar  or  rows  and  will  also  separate 
into  similar  clusters  associated  with  individual  wave  sys¬ 
tems.  The  behavior  of  each  autonomous  cluster  will  con¬ 
tain  important  clues  about  the  properties  of  its  generating 
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wind  field  and  will  therefrre  become  a  vital  part  of  any 
inversion  strategy. 

6.  With  the  proper  geometry,  spaceborne  sar  can 
give  unique  high-spatial-density  estimates  of  the  evolving 
directional  ocean  wave  spectrum  over  global  scales.  Un¬ 
fortunately,  the  technique  will  be  severely  constrained 
by  sub-optimum  geometry  in  nearly  all  of  the  space  plat¬ 
forms  planned  during  the  next  decade.  For  ocean  wave 
monitoring,  the  sar  works  best  in  a  low-altitude  {<3{X) 
km),  near-nadir  (<30°)  geometry,  where  its  transfer 
function  is  most  predictable  and  where  its  range-to- 
velociiy  ratio  is  low.  As  Figure  12  illustrates,  sar’s  with 
a  low  range-to-velocily  ratio  are  rare,  because  the  in¬ 
creased  drag  resulting  from  a  low-altitude  orbit  requires 
active  drag  compensation  to  maintain  a  stable  altitude, 
and  such  a  requirement  appreciably  complicates  the  sat¬ 
ellite  design.  Nontheless,  such  a  low-altitude  dedicated 
satellite  is  perfectly  feasible^  and  in  fact  will  be  neces¬ 
sary  if  SAR  is  to  realize  its  full  potential  for  global  ocean 
wave  monitoring. 
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Figure  12.  Minimum  range-to-velocity  ratios  of  most  known 
past,  present,  and  proposed  scientific  spaceborne  sar  mis¬ 
sions  since  1978.  showing  associated  sponsoring  countries  or 
consortia  of  countries.  ERS:  European  Remote  Sensing  Satel¬ 
lite:  JERS;  Japanese  Earth  Resources  Satellite;  EOS:  Earth  Ob- 
sen/aiion  System;  sir:  Shuttle  Imaging  Radar;  SRi:  Space  Radar 
Laboratory. 
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THE  PRACTICAL  VALUE  OF  DIRECTIONAL 
OCEAN  WAVE  SPECTRA 


Multimodal  directional  seas,  which  often  contain  steep  nonlinear  wave  groups,  can  create  a  more  se¬ 
vere  vessel  design  environment  than  simple  unimoda!  directional  seas.  Using  a  multimodal  description, 
a  method  to  forecast  steep  wave  conditions  that  adversely  affect  the  operation  and  safety  of  ocean  ves¬ 
sels  is  presented.  Modern  wave  laboratories  can  accurately  simulate  multimodal  directional  seas  to  inves¬ 
tigate  the  motion  response  of  ocean  vessels  to  realistic  forcing  functions. 


EXAMPLES  OF  SENSITIVITY  TO 
DIRECTIONAL  SEA  STATES 

A  three-dimensional  sea  state  can  be  well  described 
statistically  by  its  directional  spectrum.  A  multimodal 
directional  sea  state  is  defined  as  a  sea  state  that  gives 
two  or  more  distinct  energy  peaks  at  different  directions. 
Wind  seas  and  swell  systems  from  different  directions 
often  occur  simultaneously  and  can  be  identified  easily 
in  standard  polar  spectral  energy  plots. ' 

The  directional  spectrum  has  become  appreciated 
more  and  more  in  recent  years  as  an  important  engineer¬ 
ing  tool.  For  example,  Marintek  A/S  began  simulating 
directional  wave  spectra  in  its  Ocean  Laboratory  {model 
basin)  in  1980.  Much  evidence  now  indicates  that  direc¬ 
tional  seas  can  produce  a  more  severe  ship  design  envir¬ 
onment  than,  for  example,  simple  long-crested  seas  with 
identical  significant  'vave  height,  //,.  Simulation  experi¬ 
ments  have  shown  that,  for  a  given  //,,  torsion  mo¬ 
ments  on  a  tension  leg  platform  are  larger  in  directional 
seas  than  in  seas  approaching  from  only  one  direction. 
Similar  results  were  found  for  an  offshore  loading  system 
consisting  of  a  double-articulated  riser  connected  to  an 
offshore  buoy,  a  storage  tanker,  and  a  shuttle  tanker, 
in  which  directional  seas  produced  yaw  motions  that 
created  large  forces  and  moments.  Such  large  forces  were 
not  present  in  long-crested  seas.  Knowledge  of  wave 
directionality  is  also  important  to  assess  accurately  the 
accumulation  of  fatigue  damage  on  North  Sea  steel  jack¬ 
et  structures.^  Directional  information  is  essential  to  es¬ 
timate  phase  lag  and  coherence  between  sea  loading  and 
the  response  of  various  members  of  a  spatial  jacket 
structure. 

An  accurate  description  of  directional  seas  is  also  very 
important  for  calculations  of  sea  loads  on  ship  hulls. 
Fukuda^  compared  results  for  vertical  bending  mo¬ 
ments  on  tankers  and  cargo  ships  in  both  hmg  crestcd 
and  short-crested  directional  seas.  Clarke,  Price,  and 
TemarcU  performed  numerical  simulations  of  bending 
moments,  including  slamming  and  whipping  effects,  in 
a  frigate  hull  driven  by  various  directional  spectra.  Sea 
states  with  large  directional  spreading  resulted  in  smaller 
bending  moments. 


A  unimodal  directional  sea  contains  only  one  wave 
system  with  directional  spreading.  Design  applications 
very  often  use  a  two-parameter  directional  spectrum  with 
90°  spreading  described  by  the  function  cos“'  d/2, 
where  .s  is  the  directional  spread  parameter.  The 
Labrador  .Sea  Extreme  Waves  Experiment  d  i-wi  X)  full- 
scale  sea  trials  demonstrated  the  inadequacy  of  such  sea 
state  modeling.  .More  complete  knowledge  of  the  various 
modes  contained  in  a  multimodal  directional  sea  state 
can  reveal  strong  variations  in  ship  response  with  head¬ 
ing,  and  can  result  in  a  substantial  improvement  in  ship 
operability. 

The  most  severe  limiiafion,s  of  a  ummodaJ  description 
for  directional  spectra,  however,  appear  when  designing 
weather-vaning  systems  for  ocean  vessels  or  dynamic  po¬ 
sitioning  systems  for  semi-submersible  platforms.  The 
design  requirements  for  such  systems  generally  become 
more  severe  in  multimodal  directional  seas,  since  moor¬ 
ing  forces  arc  functions  of  the  slow  drift  in  surge,  yaw , 
and  sway  motions. 

MULTIMODAL  DIRECTIONAL  SEAS  IN 
COMBINATION  WITH  CURRENT  SHEAR 

In  Norway,  tv  enty-six  trawlers  and  freighters  were  lost 
in  capsizing  accidents  in  a  period  of  only  nine  years.  Al¬ 
together.  seventy-two  lives  were  lost.  The  shipwrecks 
from  these  and  other  accidents  are  not  randomly  distrib¬ 
uted  along  the  coast  of  Norway,  but  are  concentrated 
in  the  twenty-four  specific  areas  illustrated  in  Figure  1. 
Wave  refraction  calculations  confirm  that  these  areas 
have  a  concentration  of  wave  energy  during  certain 
weather  conditions.  Most  of  these  areas  can  be  classi¬ 
fied  as  part  of  the  shelf  and  coastal  waters,  where  gravity 
waves  interact  with  strong  currents  and  local  topog¬ 
raphy.  ' 

An  encounter  with  a  steep  wave  condition  can  be  dis¬ 
astrous,  even  for  a  large  ship.  In  September  1979,  the 
Norwegian  ship  Ausln,  loaded  with  a  cargo  of  pig  iron, 
was  suddenly  hit  by  a  large  wave  break-ng  over  the  star¬ 
board  bow  in  the  narrow  passage  outside  Slettringen  in 
area  15 — Sognesjden — in  Fig.  1.  The  slip  heeled  over 
by  nearly  ,^0°  and,  before  it  could  restore  itself,  was  hit 
by  a  new  wave  from  another  direction.  The  new  wave 
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Figure  1.  Twenty-four  areas  on  the  Norwegian  coast  that  are 
the  sites  of  steep  and  dangerous  waves  during  certain  weath¬ 
er  conditions  (depending  on  wave  direction,  wave  height,  and 
the  position  of  coastai  eddies). 


increased  the  heel  to  nearly  40°,  causing  the  cargo  to 
shift,  and  the  ship  had  to  be  abandoned,  with  no  emer¬ 
gency  calls  transmitted.  Shortly  after,  the  rescue  float 
capsized  in  surf  near  the  shore  and  five  lives  were  lost. 
The  abandoned  Austri  with  its  shifted  cargo  was  in  fact 
quite  stable,  and  maintained  a  list  near  80°,  although 
it  drifted  and  turned  until  it  struck  a  rock  near  the  shore 
and  broke  in  two  (Fig.  2).  A  court  of  inquiry*  later 
showed  that  the  vessel  had  been  pa.ssing  through  a  focal 
point  in  one  of  the  wave  refraction  areas. 

Storm  surges  and  related  effects  may,  at  times,  give 
rise  to  an  unusually  large  flux  of  water  in  the  Norwegian 
Current  that  travels  up  the  west  coast  of  Norway.  The 
current  meandering  is  enhanced  by  a  sudden  outflow  of 
brackish  water  from  the  Baltic  Sea,  and  develops  to  an 
unusually  large  scale.  With  westerly  winds,  a  .setup  oc¬ 
curs  in  the  Baltic  Sea,  and  a  sudden  change  of  wind 
direction  can  then  release  a  volume  flux  of  up  to  1.4  x 
10*  mVs.  This  front  travels  about  30  km/day  north 
along  the  Norwegian  coast,  producing  large  eddies  with 
diameters  of  up  to  100  km.’  The  pas.sage  of  such  ed¬ 
dies  creates  very  large  current  velocities  even  at  great 
depths.  Such  unusual  meandering  is  observed  by  satellites 
equipped  with  infrared  sensors  that  measure  the  sea  sur¬ 
face  temperature.  Interaction  between  gravity  waves  and 
the  eddies  can  lead  to  the  development  of  dangerous, 
plunging,  and  breaking  waves  in  deep  waters  at  predict¬ 


Figure  2.  The  Norwegian  ship  Austri  (499  gross  register  tons;, 
which  capsized  from  waves  in  area  15  of  Figure  1  and  subr-e- 
quently  broke  into  two  pieces 


able  times  and  locations  both  on  the  shelf  and  in  the 
coastal  areas. 

In  December  1984,  the  freighter  Si/n  Coast  was  lost 
at  Stadt  in  area  13  of  Figure  I.  The  vessel  encountered 
two  large  breaking  waves,  which  caused  the  cargo  to 
shift.  Only  four  of  a  crew  of  six  were  rescued.  A  court 
of  inquiry"  revealed  that  steep  transient  wave  condi¬ 
tions  can  suddenly  and  unexpectedly  occur  at  this  loca¬ 
tion,  when  waves  arriving  from  certain  critical  direvtions 
are  influenced  by  the  local  topography.  On  this  occasion, 
a  large  current  eddy  had  been  located  in  the  vicinity  (see 
Fig.  3).  Similar  eddies  were  present  in  seventeen  of  the 
twenty-six  cases  where  ship  accidents  have  occurred  dur¬ 
ing  a  nine-year  period. 

In  an  attempt  to  reduce  such  accidents,  a  mathematical 
model  to  forecast  steep  wave  conditions  off  the  Nor¬ 
wegian  coast  has  been  developed.  Trial  forecasts  have 
been  produced  that  can  warn  mariners  of  severe  steep 
and  breaking  waves.  The  mathematical  model,  developtxl 
as  part  of  a  research  program  entitled  “Ships  in  Rough 
Seas,”  is  based  on  extensive  model-basin  wave-focusing 
experiments.  The  ultimate  stability  of  small  vessels  in 
beam  seas  is  directly  related  to  the  crest  front  steepness, 
f,  of  the  approaching  wave.  The  crest  front  steepness, 
as  obtained  from  a  surface  elevation  time  series,  is  de¬ 
fined  in  Figure  4  (e  can  also  be  defined  in  space''). 

Figure  4  also  shovvs  how  rms  crest  front  slope,  f,,,,. , 
is  dira'tly  correlated  with  the  properties  of  the  directional 
wave  .spectrum  and  can  be  calculated  from  and  /n, . 
the  zero'.h  and  second  spectral  moments.  Using  such  a 
relationship,  crest-front  wave  slopes  can  be  forecast,  in¬ 
cluding  refraction  of  the  directional  spectrum  by  both 
current  meanders  and  local  topography.  Such  forecasts 
arc  ba.sed  on  estimates  of  “critical  threshold  values”  for 
both  wave  direction  and  wave  height  for  each  of  the 
twenty-four  areas  shown  in  Figure  1.  Daily  forecasts  are 
checked  against  critical  threshold  values  stored  in  a  data 
bank.  For  each  area,  a  forecast  of  critical  wave  condi¬ 
tions  for  specific  types  and  sizes  of  vessels  derived  from 
model  experiments'*  can  then  be  prepared.  The  general 
mathematical  mode!'"  that  takes  account  of  the  effects 
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Flyura  4.  Root  mean-square  value  of  crest  front  slope. 
as  a  function  of  tne  zeroth  and  second  spectral  rnoments 
and  Wj  repeclivety  (g  is  She  acceleration  caused  by 
gravity)  Data  were  obtained  with  a  wave  radar  installed  on 
a  platform  on  the  Norwegian  Continental  Shelf  Results  from 
eight  time  senes  that  contained  freak  waves  are  plotted  For 
this  work,  a  freak  wave  is  defined  a.s  a  wave  w-tn  a  height 
gre.jter  than  twice  the  significant  wave  height,  h  The  defi¬ 
nition  of  crest  front  steepness.  • .  for  single  -waves  is  shown 
m  the  lower  left  corner,  as  obtained  from  sudace  elevation 
time  series  The  term  n  is  the  wave  crest  elevation,  r,„  is 
the  zero  downcross  wave  c-enod.  r  is  the  wave  phase-  veiocilv, 
and  T  IS  the  time  fraction  between  the  zero  upc'oss  posi 
tion  and  the  crest  position  II  <s  the  vertical  coordinate  mea¬ 
sured  from  mean  water  level  and  t  is  the  time  coordinatei 


of  multmuxial  direutottal  spas  and  strong  oceatt  currents 
IS  not  limited,  of  course,  to  Norwegian  waters.  Similar 
areas  v  ith  critical  wave  conditions  rxeur  off  Nevs found- 
land  and  Nosa  Scolia.  Circenland.  .'Maska.  C  hilc.  north¬ 
west  India,  and  southeast  -Mnca— the  last  caused  when 
swell  from  the  Southern  (Xcan  encounters  the  strong 
Agulhas  Curren!. 

The  irwr\  experience  suppssris  the  salidity  of  the 
forecast  model.  Dunng  t  Fwi  a  steep  critical  wave  was 
measured  near  42.5’N.  55.0'Vk  in  a  strong  current  shear 
where  the  Labrador  Current  from  the  north  meets  the 
Gulf  Stream  from  the  south.  "  Other  examples  of  mca 
surcmcnis  of  critical  waves  arc  given  m  Ref  12.  An  ex 
pert  committee  of  the  International  Ships  and  Offshore 
Structures  Congress'  has  recommended  use  of  the 
crest-front  steepness  parameter  in  future  anaKiical.  ex¬ 
perimental,  and  full-scale  scientific  work 

LEWtX  SEA-KEEPING  TRIALS 

Lull-scale  sea-keeping  trials  were  performed  in  t  f w!  \ 
with  the  research  vessels  HNf  ,\IS  Tvfietnan  and  the 
CLAV  Quest  at  three  separate  locations;  concurrent 
(sidc-by-side)  sea-keeping  trials  were  performed  at  two 
of  the  three.  Ship  motions  in  six  degrees  of  freedom  were 
measured  independently  by  four  teams  of  scientists,  two 
on  each  sessel.  Multimodal  directional  seas  were  mea¬ 
sured  simultaneously  with  many  independent  sensors. 
Subsequently,  a  statistical  estimate  of  the  multimodal 
directional  seas  sersed  as  an  input  to  mode!  basin  ex- 
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periments  at  Marintek.”  Ultimately,  six  legs  trum  the 
full-scale  sea-keeping  trials,  each  of  20-fmn  duration, 
were  selected  for  simulation  of  the  Tydemun  motions 
at  a  1/30  scale, 

MODEL  EXPERIMENTS  IN  MULTIMODAL 
DIRECTIONAL  SE.AS 

The  directional  ocean  wave  model  basm  at  Marintek 
is  80  m  long  by  50  m  wide  and  is  equipped  with  a  hy 
draulically  controlled  movable  bottom,  permitting  ex¬ 
periments  at  any  depth  between  0.3  and  10  rn.  The  basin 
is  equipped  with  two  wave  generator  systems,  which, 
when  combined,  can  produce  multimodal  directional 
seas.  Directional  sea  systems  are  simulated  using  a  wasc 
generator  that  drives  144  identical  flaps,  each  individu¬ 
ally  controlled  by  an  interactive  computer  system.  One 
hundred  twenty  different  frequencies  arc  combined  to 
produce  a  specified  directional  ocean  wave  spectrum.  ' 
The  basin  is  also  equipped  with  a  50-m-wide  hydraulic 


double-flap  vsase  gcneiatoi  Sea  kcct'ing  tcsls  aic  {X-r 
formed  III  the  basin  vsuh  ,.unipuicfT.oiii!ulied  fice 
fuanmg  niiideis  Model  s}xed,  heading,  piuii,  roli, 
heave,  sway,  surge,  and  yaw  arc  incasuted  accutaicK 
by  an  viptical  positioning  system,  using  infiared  lighi- 
enntung  diodes  and  movable  cameras  installed  at  the 
lank  walls.  Computet  coni  tolled  texhiUvjues  allow  Use 
testing  and  tuning  oi  active  antiroli  tins  and  auiupiioi 
and  dynamic  positioning  systems  QuatitiUes  such  .ts  vet 
tical  and  lateral  acceleration,  profX'llcr  sjxed.  shaft 
torque,  rudder  force  and  angle,  quantity  o!  watci  vm 
deck,  and  amount  of  slamming  can  all  lx  inomioicd 
figure  5  shows  nuxiel  results  when  smiulating  tlie  con 
ditions  encountered  by  the  Tvdernuri  at  various  head 
mgs  in  itwix  on  14  March  ligui''  '-.A  shows  the  gc 
oniclry.  I'he  asstxiated  directional  wave  sjscctium  is 
shown  in  Figure  5B.  as  measured  by  the  Norwegian 
Wavescan  buoy.  .A  directional  spectral  model  with  an 
angular  spread  of  50‘  was  used  to  simulate  the 
Wavescan-measured  sfxrctrurn.  Pitch  and  roll  motions 


Figure  5.  Results  of  Tydeman  sea¬ 
keeping  experiments  during  lewex. 
14  March  1987,  Results  of  model  ex¬ 
periments  are  compared  with  full- 
scale  measurements  from  Refs.  17 
and  18,  A.  Definition  of  9.  relative 
heading  (O’  =  head  seas. 
90"  =  beam  seas).  8.  Directional 
wave  number  spectrum  (m'‘)  from 
Wavescan  buoy  at  1459  UT.  = 
3.7  m.  Spectrum  is  shown  in  direc¬ 
tion  from  which  waves  are  propagat¬ 
ing.’®  C.  Pitch  motion  versus 
heading.  0,  Rotl  motion  versus 
heading. 
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are  shown  in  Figures  5C  and  D  as  functions  of  relatoe 
heading,  using  results  from  both  model  experiments  and 
full-scale  measurements.  Agreement  between  modeled 
and  measured  motions  is  belter  than  0.5“  in  live  out  of 
sLx  cases. 

Figure  6  shows  an  e.\ample  from  23  March,  when  both 
the  Tydeman  and  the  Quest  were  executing  parallel  sea 
trials,  with  motions  of  each  monitored  independeruK  ai 
a  ver>'  complex  wave  situation.  Figure  6A  shows  mea¬ 
sured  pitch  motion  as  a  function  of  relative  heading. 
Each  of  the  independent  sets  of  measurements  is  in  ex¬ 
cellent  agreement  for  each  vessel.  A  single  data  point 
from  the  model  basin  experiment  performed  at  Marintek 
also  shows  excellent  agreement  with  the  full-scale  mea¬ 
surements  in  that  very  complex  directional  wave  system, 
as  shown  in  Figure  6B.  For  that  simulation,  a  simpli¬ 
fied  model  of  the  directional  wave  spectrum  was  used, 
with  a  wind  sea  coming  from  56“  having  a  32“  (aver¬ 
age)  directional  spread  superimposed  on  a  swell  coming 
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from  146“.  For  the  wind  sea,  H.  was  2  ni.  and  foi 
the  swell,  //,  was  0.K3  m  in  that  simulation 

llie  eiKinnitcr  wave  iicijuciKv,  <,  li  e  ,  ihe  wave 
trequency  cncoiinteted  in  the  ictcrcnce  Irmnc  ot  the  shipi 
indicated  that  the  lydenim  was  quite  close  to  icsonance 
in  both  roll  and  pitch  in  that  situauun  l  oi  esampie,  it 
the  wind  s[x-cd  had  mcicavcd  slighih  lioni  11  in  s  ui 
I  .?  m  s  (26  kcl.  Its  asstxiaied  eqttilibnurn  s(Kxlnin!  would 
have  produced  resonances  fur  the  sfxsed  and  heading 
values  illusfraied  in  Figure  W,  \S  lih  she  ship  ai  a  head 
mg  directly  into  the  primary  sea  at  a  sjxx'd  o!  116  kt. 
resonance  ix'curs  simultatxxiusly  in  both  pitch  and  roll, 
t  ondiiiotis  are  not  much  improved  il  the  ship  is  at  b 
and  heading  instead  directly  into  the  swell  at  a  sixxxl  o) 
ki;  again,  there  are  resonances  in  both  roll  and  pitch 
Such  an  assessment  ol  potential  tesonanees  is  possible, 
of  course,  only  with  a  detailed  knowledge  of  the  niulii 
nuxlal  directional  spectrum.  In  this  example,  the  swell 
was  nuxlelcd  at  //  3.0  m. 
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Key: 

■  fydeman  full-scale  measurements  by  The  Netherlands  ’ 

•  Tydeman  full-scale  measurements  by  France'" 

•  Tydeman  model  experiments  by  Norway 

■  Quest  full-scale  measurements  by  Canada” 

•  Quest  full-scale  measurements  by  Canada” 
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Figure  6.  Results  of  parallel  sea¬ 
keeping  experiments  with  the  Quest 
and  the  Tydeman  during  lewex,  23 
March  1987  A.  Model  experiments 
compared  with  full-scale  measure¬ 
ments  from  Refs.  17-20,  B.  Direction¬ 
al  wave  number  spectrum  from 
Wavescan  buoy  at  1759  UT.  C.  f/lus- 
tration  of  Tydeman  headings  and 
speeds  that  would  produce  reso¬ 
nance  conditions.  The  ship  at  a  is 
traveling  toward  wind  sea  at  11.6  kt. 
the  one  at  b  is  traveling  toward  swell 
at  9.9  kt. 
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Long-term  wave  statistics  for  the  North  Atlantic  show 
that  bimodal  seas  occur  about  40%  of  the  time.  Naviga¬ 
tors  normally  adjust  both  speed  and  heading  to  avoid 
large  motion  responses.  As  the  above  example  from 
IEWE.X  illustrates,  however,  multimodal  seas  limit  the 
available  options  and  compress  the  range  between  best 
and  worst  headings.  Multimodal  short-crested  seas  may 
even  introduce  an  unexpected  heading-versus-respon.se 
dependency,  for  example,  as  experienced  by  the  Quest 
during  lewex  (see  the  article  by  Nethercote  in  this  vol¬ 
ume).  Full  loss  of  operability  therefore  becomes  possi¬ 
ble  in  much  lower  sea  states  than  would  be  predicted 
for  a  unimodal  directional  sea. 

NONLINEAR  SHIP  MOTIONS 

One  goal  of  lewex  was  to  explore  the  limits  of  linear 
sea-keeping  theory,  for  which  rms  pitch  increases  linearly 
with  increasing  mean  wave  slope  if  the  wave  frequency 
and  the  ship  heading  and  speed  are  constants.  Figure  7 
shows  full-scale  measurements  of  rms  pitch  as  a  function 
of  calculated  mean  wave  slope  taken  on  each  of  seven 
days  during  lewex.  On  8  and  14  March,  both  the  speed 
and  the  heading  of  the  Tydeman  were  nearly  identical. 
Further,  the  directional  properties  of  the  wave  spectra 
(as  indicated  by  the  unidirectivity  index,  UI,  which  in¬ 
dicates  the  percentage  of  total  energy  contained  in  the 
primary  wave  system)''  were  quite  similar.  Figure  7 
also  shows  the  results  from  the  model  experiment  simu¬ 
lating  the  conditions  of  14  March,  confirming  linearities. 
A  dotted  line  is  drawn  between  the  origin  and  the  results 
from  14  March  extrapolating  to  large  mean  wave  slopes. 
The  8  March  data,  however,  are  located  above  this  line, 
showing  that  pitch  motion  clearly  exceeds  the  linear 
extrapolation. 

Since  linear  systems  driven  with  Gaussian  inputs  have 
a  zero-valued  bi-spectrum,  the  energy  in  the  bi-spectrum 
represents  a  direct  measure  of  nonlinearity.  Figure  8 
shows  the  calculated  bi-spectrum  of  pitch  motion  for 
8  March,  clearly  indicating  the  nonlinear  response  that 
occurred  on  that  day.  Of  all  ship  motions  measured  that 
day,  the  pitch  motion  contained  the  most  significant  non- 
linearities. 

Very  long  sea-keeping  runs  under  stationary,  well-con¬ 
trolled  conditions  are  required  to  obtain  good  estimates 
of  bi-spectra.  Such  long  runs  are  very  difficult  to  achieve 
in  full-scale  sea  trials  because  sea  conditions  often  change 
too  rapidly.  As  an  alternative,  experimentation  in  a  mod¬ 
ern  wave  laboratory  is  often  a  more  practical  method 
for  investigating  nonlinear  ship  motions.  In  such  a  lab¬ 
oratory,  statistics  from  many  short  runs  can  be  efficiently 
combined  to  simulate  the  very  long  sea-keeping  runs  of 
a  full-scale  sea  trial. 

It  is  fairly  rare  to  have  six-degree-of-freedom  model 
results  and  full-scale  trials  for  comparisons.  Data  ob¬ 
tained  from  the  lewex  research  program  have  therefore 
been  proposed  as  the  basis  for  an  international  develop¬ 
ment  of  standard  sea-keeping  data.  Several  numerical 
models  based  on  traditional  sea-keeping  theory  will,  in 
the  near  future,  attempt  to  simulate  the  ship  motions 
that  were  measured  in  the  lewex  research  program. 
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Figure  7.  Measured  rms  pitch  of  the  Tydeman  shown  for  var¬ 
ious  calculated  mean  wave  slopes  for  each  of  seven  days  dur¬ 
ing  LEWEX.  For  ship  motion  measurements  on  8  March  1987. 
the  associated  directional  wave  spectra  are  hmdeasted  from 
the  3G-WAM  model  (personal  communication,  J.  Ooms,  Lab¬ 
oratory  for  Ship  Hydrodynamics,  Technical  University  of  Delft, 
The  Netherlands,  1989).  Other  measurements  of  ship  motions 
are  from  Refs.  18  and  19.  Results  from  sea-keepmg  trials  with 
nearly  the  same  headings  but  with  different  directional  spec¬ 
tra  are  shown  for  15.  16,  17,  23.  and  24  March 


Figure  8.  Nonparametric  bi-spectrum  estimate  of  pitch  motion 
of  the  Tydeman  on  8  March  1987  when  H;  =»  9,5  m  The  maxi¬ 
mum  value  reached  was  0.93  (personal  communication.  J.  Ooms, 
Laboratory  for  Ship  Hydrodynamics,  Technical  University  of 
Delft,  The  Netherlands,  1989;  see  also  Ref.  2i).  The  term 
u;  =  2ir/r  is  the  cyclic  frequency  of  pitch  motion.  For  calculation 
of  bi-spectra,  see  Ref.  22. 


CONCLUSIONS 

A  unimodal  short -crested  sea  is  an  inadequate  descrip¬ 
tion  of  the  driving  forces  on  an  ocean  vessel,  and  is  there¬ 
fore  also  inadequate  to  predict  the  vessel’s  operational 
performance.  Long-term  wave  statistics  show  that  about 
40%  of  ail  sea  states  that  occur  in  the  North  Atlantic 
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are  multimodal.  To  conduct  realistic  operational  studies 
in  the  future,  this  multimodal  behavior  of  the  sea  must 
be  recognized  and  adequately  modeled. 

Multimodal  shon-crested  sea  states  compress  the  range 
between  best  and  worst  headings.  The  compressed  range 
can  cause  full  loss  of  operability  in  sea  states  lower  than 
might  be  expected  with  a  unimodal  sea.  .Multimodal 
short-crested  seas  may  even  introduce  an  unexpected 
heading-versus-response  dependency. 

Multimodal  short-crested  seas  increase  the  encounter 
probability  tor  nonlinear  wave  groups  containing  steep 
elev,»ted  waves  that  can  drastically  affect  the  stability  or 
operation  of  smaller  vessels.  Forecasts  of  critical  wave 
conditions  in  local  areas,  based  on  calculated  critical 
threshold  values  for  wave  direction  and  wave  height,  are 
possible,  but  wave-current  interactions  must  be  taken 
into  account. 

Critical  wave  conditions  depend  on  the  class  of  ves¬ 
sels  under  consideration.  Experience  gained  in  carefully 
controlled  model  experiments  can  provide  detailed  re¬ 
sponse  data  for  any  class  of  vessels. 
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WIND- W A  VE  PHYSICS 

IN  WHICH  SOME  OF  THE  PHYSICAL  CONSTRAINTS 
ON  DETERMINING  THE  DIRECTIONAL  OCEAN  WAVE 

SPECTRUM  ARE  EXAMINED 


FRED  DOBSON  and  BECHARA  TOULANY 


ON  THE  WIND-WAVE  COUPLING  PROBLEM 


Hindcasts  or  forecasts  of  real  events  made  with  present-day  wave  models  incorporating  sophisticated 
physics  are  not  much  better  than  those  made  with  previous  generations  of  less  sophisticated  models.  More 
complete  specification  of  the  wind  input  and  of  the  wind  used  in  calibrating  the  models  is  needed.  Of 
crucial  importance  is  the  relation  between  the  measured  wind  speed  and  the  wind  stress  (the  air-sea  momen¬ 
tum  transfer  rate). 


INTRODUCTION 

The  coupling  between  the  wind  and  the  waves,  by 
which  energy  and  horizontal  momentum  are  transferred 
from  the  air  to  the  sea,  is  not  strong.  As  the  wind  trav¬ 
els  over  a  land  surface,  for  instance,  it  encounters  fixed 
objects  beneath  that  cause  flow  separation  to  occur  on 
a  variety  of  space  scales.  Together,  these  fixed  objects 
act  to  produce  a  drag  force,  called  the  “wind  stress,” 
on  the  air  above.  A  turbulent  boundary  layer  results, 
which  transfers  wind  energy  and  momentum  downward. 

The  boundary  layer  is  well  characterized  by  a  logarith¬ 
mic  increase  of  wind  speed  with  height  that  starts  from 
zero  speed  at  a  height  related  to  the  size  of  the  fixed 
roughness  elements,  namely,  the  roughness  height.  Over 
the  land,  the  roughness  height  is  about  1/30  the  size  of 
the  largest  roughness  elements.  At  sea,  a  logarithmic 
boundary  layer  exists,  but  in  spite  of  the  occurrence  of 
large  waves,  its  characteristic  roughness  is  typically  2  or¬ 
ders  of  magnitude  smaller.  Apparently,  the  marine 
roughness  is  determined  by  the  height  of  the  rather  small 
waves  that  travel  at,  and  just  above,  the  minimum  phase 
speed  in  the  dispersion  (wavelength-speed)  relation  of 
gravity-capillary  waves,  where  gravity  and  surface  ten¬ 
sion  are  equally  important  in  determining  the  restoring 
force  on  the  water  surface.  These  slowest-moving  waves 
look  the  most  like  fixed  roughness  elements  to  the  air 
above  them;  they  are  young  in  the  sense  that  they  grow 
quickly.  (The  age  of  the  waves  is  defined  quantitatively 
as  the  ratio  of  the  wave  phase  speed  to  the  wind  speed. 
In  a  fully  developed  oceanic  wave  field,  the  age  of  the 
shorter  waves,  which  determine  the  sea  surface  rough¬ 
ness,  is  typically  a  factor  of  10  less  than  that  of  the  dom¬ 
inant  waves.) 

The  coupling  is  weak  because,  at  sea,  the  dominant, 
long-wavelength  water  waves  propagate  at  speeds  as  high 
as  that  of  the  wind  that  generates  them;  in  a  fully  devel¬ 
oped  sea,  they  travel  about  20%  faster  than  the  wind 
at  a  height  of  10  m.  The  wide  variety  of  wave  ages  found 
in  any  wind  sea  suggests  that  several  different  wave- 
generation  regimes  exist  at  once;  one  for  the  dominant 
waves,  one  for  the  gravity-capillary  waves,  and  yet  an¬ 
other  for  the  purely  capillary  ripples  from  which  the 
whole  process  starts  when  the  wind  begins  to  blow. 
Several  physical  mechanisms  are  involved  in  each  regime, 
and  we  will  discuss  the  important  ones. 


Explanations  of  the  primary  physical  mechanisms  by 
which  waves  grow  in  the  wind  will  be  followed  by  a 
description  of  some  of  the  more  recent  tests  of  the  vari¬ 
ous  theories  that  model  the  physics.  The  physical  models 
of  the  wave-generation  process  in  use  today  will  be  seen 
to  be  based  on  incomplete  experimental  esidence  and 
an  incomplete  description  of  the  physics.  Recent  experi¬ 
ments  designed  to  measure  the  development  of  the  wave 
field  in  fetch-limited  winds  (i.c.,  blowing  offshore,  and 
therefore  acting  over  a  well-defined  distance,  or  fetch) 
will  be  described,  along  with  the  methods  used  for 
specifying  the  wind  field.  A  question  will  be  raised  about 
the  best  wind  to  use  in  defining  the  fetch-limited  growih 
relations,  which  are  scaled  with  the  wind  speed  and 
gravity. 

Recent  measurements  of  the  wind  stress  in  fetch- 
limited  situations  indicate  a  strong  relationship  between 
the  wind  stress  and  the  state  of  development  of  the  wave 
field.  In  the  presence  of  rapidly  changing  wave  fields, 
the  wind  stress  at  a  given  wind  velocity  is  greater  than 
its  long-fetch,  open-ocean  value  by  a  factor  of  2  or  more. 
Because  the  wind  stress  (as  opposed  to  the  wind  veloci¬ 
ty)  determines  the  rate  at  which  the  waves  develop,  most 
of  the  modern,  physics-related  models  use  the  wind  stress 
in  their  prediction  formulas,  although  most  experimen¬ 
tal  results  relate  measurements  of  wave  growth  to  wind 
velocity. 

Measurements  of  wind  stress  have  been  made  in  con¬ 
junction  with  wave-growth  measurements  at  sea,  but  ex¬ 
perimentalists  have  almost  always  found  cogent  reasons 
for  ignoring  wind-.stress  mea.surements  in  favor  of  w  ind- 
velocity  measurements  when  scaling  their  results.  The 
relationship  between  the  wind  velocity  and  the  wind 
stress  in  such  measurements  has  invariably  been  poorly 
defined.  The  scatter  in  the  relation  is  always  large,  and 
explanations  for  the  scatter  have  been  slow  in  coming. 
The  consensus  is  that  much  of  the  scatter  can  be  ex¬ 
plained  by  making  an  allowance  for  wave  age. 

The  relationship  between  wind  velocity  and  wind  stress 
is  thus  a  crucial  one,  and  our  understanding  of  it  is  one 
of  the  critical  factors  in  determining  the  accuracy  of 
wave-prediction  models.  Some  recent  experimental  wave- 
growth  measurements  will  be  scaled  with  various  wind- 
velocity/wind-stress  relations  to  illustrate  the  imponance 
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of  the  relation.  The  conclu.sion  will  be  that  more  pre¬ 
cise  definitions  of  the  wind  velocity,  of  its  relation  with 
the  energy  input  to  the  waves  and  to  the  wind  stress, 
and  of  the  relation  between  the  wind  stress  and  the  sea 
state  will  be  necessary  before  the  new  generation  of  wave 
models  can  make  use  of  their  more  sophisticated  phys¬ 
ics  to  improve  forecasting  skill.  Until  we  get  the  driving 
force  right,  we  cannot,  without  ambiguity,  use  better- 
specified  physics  to  quantify  the  balance  of  physical  pro¬ 
cesses  in  a  growing  field  of  ocean  waves. 

WAVE-GENERATION  MECHANISMS 

The  dominant  waves  receive  their  energy  from  two 
sources:  (1)  nonlinear  interactions,  which  import  ener¬ 
gy  from  other  wavelengths;  and  (2)  the  wind,  which  pro¬ 
vides  the  rest  in  several  ways.  The  most  important  energy 
.source  for  the  growth  of  the  dominant  waves  is  thought 
to  be  a  shear-flow  instability  mechanism,'  whereby  the 
waves,  of  height  »;(/),  modify  the  airstream  above  them, 
shifting  the  phase  of  the  mean  airflow  streamlines  down¬ 
wind  to  produce  wave-coherent  air  pressure  fluctuations 
pit).  These  fluctuations  do  work  on  the  waves  at  a  mean 
rate  per  unit  area 


where  E  is  the  wave  energy  per  unit  area,  and  the  angle 
brackets  represent  ensemble  averaging.  The  exponential 
growth  rate  per  radian  of  wave  phase  is  defined  as 

(2) 

where  w  =  27r/is  the  radian  frequency,  so  the  wave  vari¬ 
ance  grows  as 

a-  =  ,  (3) 

where  a  is  the  wave  amplitude  and  is  its  initial  val¬ 
ue.  The  shear  flow  that  supports  the  instability,  main¬ 
taining  its  form  in  the  presence  of  the  mean  wave- 
induced  momentum  exchange,  is  that  of  the  turbulent 
air  boundary 

U(z)  -  (w,/K)In(z/2„)  ,  (4) 

where  k  =  0.4  is  von  Karman’s  constant,  j  is  the  height 
above  the  sea  surface,  Za  is  the  sea  surface  roughness 
height,  and 

=  Vr/Pa  ,  (5) 

where  is  the  air  density  and  r  is  the  rate  per  unit  area 
at  which  horizontal  momentum  is  transferred  from  the 
air  to  the  sea,  or  the  wind  .stress.  The  term  u,  is  known 
as  the  friction  velocity  and  is  thought  to  be  related  linear¬ 
ly  to  the  wind  velocity  U  according  to 

ui  =  C„iy-  ,  (6) 


where  is  the  drag  coeftiden!.  It  (  is  constant,  as 
IS  commonly  assumed,  ifie  u.-  V  relation  is  linear  (but 
see  the  section  cniiticd  "Drag  Coefficient'’) 

The  wave-coherent  pressure  can  be  given  in  the  form 

P.JO  P.,A'  -,(P.  X)  r/(/)  ,  (7) 

whereg  is  the  acceleration  due  to  gravity,  and  y  is  com 
plex.  The  real  part  ol  y .  Rely),  is  the  in-phasc  compo¬ 
nent  of  the  wave-coherent  pressure;  the  imaginary  pan. 

lm(y)  f  ,  (8) 

p., 

is  the  component  that  does  work  on  the  waves,  where 
p„  is  the  water  density.  The  variable  p  =  (I'  ■  k)fu:  ■ 
(t//C)cos  0  is  a  dimensionless  wind  speed  (inverse  wave 
age),  where  d  is  the  wind-wave  angle,  and  C  is  the  wave 
phase  speed;  \  =  kz  is  a  dimensionless  height,  where 
k  is  the  wave  number.  The  use  of  cos  6  indicates  that 
the  waves  are  forced  by  the  component  of  the  wind  in 
the  wave  direction.' 

The  relations  given  arc  for  the  growth  of  a  single  wave 
component  at  a  single  frequency.  Provided  the  compo¬ 
nents  of  the  real  wave  spectrum  are  uncoupled,  ilicy  can 
be  extended  to  apply  to  the  entire  spectrum  (I  <  p  <  5). 
If  nonlinear  interactions  between  components  at  differ¬ 
ent  frequencies  arc  allowed,'  or  if  modifications  of  the 
turbulent  wind  profile  by  the  waves  arc  permiiled.'' '  the 
problem  becomes  less  tractable.  The  growth  mechanism 
is  thought  to  explain  the  transfer  of  energy  from  the  wind 
to  the  dominant  waves  quite  well,  although  imponant  ar¬ 
guments  remain  over  the  magnitude  of  the  transfer,  which 
we  will  discuss  later. 

A  body  of  theory'’"  also  exists  that  explains  the 
generation  of  the  very  small  capillaries  that  appear  as 
soon  as  the  wind  starts  up  as  "cat's-paws”  on  the  sea 
surface  during  wind  gusts.  Another  form  of  shear  in¬ 
stability  exists  in  the  flow  very  close  to  the  sea  surface; 
it  is  found  in  the  thin  (0.1-10  mm)  layers  dominated  by 
molecular  viscosity  near  the  surface  in  the  air  and  the 
water.  Strong  vertical  shears  occur  in  the  speed  of  both 
the  air  and  the  water,  which  interact  with  each  other  to 
form  waves  resonant  at  wavelengths  of  about  1.3  cm, 
close  to  the  wavelength  of  the  waves  having  the  mini¬ 
mum  speed  for  waves  on  water  (1.73  cm). 

The  mechanism  of  flow  separation,  long  out  of  fash¬ 
ion  as  a  way  of  making  waves  grow,  is  now  thought  to 
account  for  some  of  the  growth  of  the  intermediate-scale 
waves,  that  is,  the  shorter-wavelength  fraction  of  the 
gravity  waves.  When  the  wind  speed  is  high  relative  to 
that  of  the  waves,  the  separation  of  the  airtlow  down¬ 
wind  of  the  wave  crests  shifts  the  phase  of  the  mean  air- 
llow  streamlines.  This  shift  causes  a  vvavc-cohercnl 
pressure  analogous  to  that  of  the  dominant-wave  shear- 
flow  instability.  No  one  knows,  for  a  given  wavelength 
or  wave  velocity,  what  fraction  of  the  observed  wave 
growth  is  due  to  short -wavelength  shear  instability'’  and 
what  fraction  is  due  to  flow  separation.  It  has  been 
shown"  that  the  actual  separation  of  the  airflow  from 
the  wave  crest  can  occur  only  if  the  wave  is  breaking. 
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Thus,  the  mechanism  will  be  most  elTective  with  the 
slowest-traveling  traction  of  the  gravity  wave  spectrum, 
for  which  the  ratio  of  wave  speed  to  wind  speed  is  the 
lowest. 

Since  the  very  young  seas  develop  first,  they  define 
not  only  the  wind  stress,  as  mentioned  earlier,  but  also 
the  response  of  the  wave  field  to  changes  in  the  wind. 
Such  waves  break  continuously  because  they  have 
reached  their  maximum  stable  amplitude,  and  they  are 
in  equilibrium  between  energy  gain  from  the  wind  and 
energy  loss  due  to  breaking  and  nonlinear  interactions. 
Although  the  input  of  energy  and  momentum  can  have 
little  effet  on  the  size  of  these  equilibrium  waves,  their 
drag  appears  to  be  the  dominant  cause  of  the  sea  sur¬ 
face  wind  stress. 

One  other  mechanism"  has  been  identified  by  which 
the  waves  receive  energy  from  the  wind,  namely,  turbu¬ 
lent  fluctuations  of  air  pressure.  The  waves  that  grow 
the  fastest  by  this  mechanism  are  those  that  travel  at  the 
same  speed  as  the  highest-energy  turbulent  air  pressure 
fluctuations,  which  are  advected  by  the  wind  at  a  large 
fraction  of  its  speed.  All  scales  grow,  but  it  is  by  a 
random-walk  process,  because  the  pressure  fluctuations 
lose  self-coherence  with  time.  The  growth  is  linear  with 
time,  and  although  the  turbulent  pressure  fluctuations 
have  since  been  found  ^  to  retain  their  coherence  for 
times  at  least  twice  as  long  as  the  original  theory*  sup¬ 
posed,  the  growth  is  too  slow  to  be  considered  impor¬ 
tant  in  this  context,  except  as  an  initiator  of  new  waves 
in  the  absence  of  appreciable  swell. 

Although  all  the  various  mechanisms  are  known  to 
be  active  at  different  parts  of  the  wave  spectrum  in  ev¬ 
ery  field  of  growing  waves,  the  implicit  assumption  of 
all  modern  wave  models  is  that  the  energy  input  to  the 
waves  from  the  wind  is  by  one  mechanism  only:  shear- 
flow  instability  over  the  fast-moving,  dominant  waves, 
which  is  commonly  derived  from  Equations  2,  3,  8,  and 
9.  This  mechanism,  which  is  inoperative  for  the  fastest- 
moving  and  slowest-moving  waves  in  the  spectrum 
(m  <  t,  B  >  5),  is  inadequate  to  explain  the  physics; 
we  will  demonstrate  in  the  next  section  that  its  use  leads 
to  serious  discrepancies  with  the  existing  field  data. 

TESTS  OF  THE  THEORIES 

The  various  theories  have  been  tested  experimentally, 
both  in  the  field'*  '”  and  in  the  laboratory  (wind/ wave 
tunnels)."  ’’  Two  independent  direct  measurements”"’ 
of  the  rate  of  working  of  the  wave-coherent  air  pressure 
on  the  waves  give  the  same  result  (see  Fig.  1).  They  indi¬ 
cate  that,  for  1  <  ^  <  3,  the  exponential  wave-growth 
rate  /3  =  cjf  varies  linearly  with  the  dimensionless  wind 
speed  =  U/C: 

3  =  0.25w(Pa/p.)(M  -  1)  .  1  <  p  <  3  .  (9) 

Radar  measurements"  in  wind-wave  tanks  of  the  to¬ 
tal  growth  rate  of  very  short  (1-10  cm)  waves,  which 
are  responsible  for  the  Bragg  backscatter  process,  clearly 
show  a  stronger  than  linear  dependence  of  the  growth 
rate  on  p,  assuming  that,  at  such  wavelengths,  the  trans- 
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Figure  1.  The  measured  fetch-hmited  exponential  wave  growth 
rate'®  (Eqs.  7  and  8:  Re(>)  is  x  .  Imp,)  is  «> )  as  a  fur.ction  ol 
the  dimensionless  wind  speed  p  =  (UICKos  «.  where  U  is  the 
wind  velocity  at  a  height  of  5  m.  ti  Is  the  wind-wave  angle,  and 
C  is  the  wave  phase  velocity.  The  data  values’®  closely  fit  the 
dashed  lines.®  which  are  themselves  fits  to  data  from  a  sepa¬ 
rate  field  experiment. 


fer  of  energy  by  nonlinear  interactions  is  unimportant. 
The  relation  that  best  fits  the  data  has  some  theoretical 
justification^  and  indicates  a  square-law  dependence  of 
the  exponential  growth  rate  on  the  dimensionless  wind 
speed: 

d  =  0.04u)(u./C)-cos  6^  .  0.25  <  tr./C  <  2.5  , 

(10) 

where  the  friction  velocity  u.  was  obtained  from  the 
measured  wind  speed  by  using  a  drag  coefficient  wind- 
speed  dependence'”  known  to  contain  questionable 
data.''  Although  the  coefficient  of  Equation  10  is 
doubtful,  the  square-law  behavior  is  not.  The  radar  mea¬ 
surements  cover  the  range  (7.5  <  j.  <  75)  of  dimen¬ 
sionless  wind  speeds  ( p  is  obtained  from  Eq.  6,  assuming 
a  constant  Co  =  1.5  x  10  *),  and  the  scatter  about 
the  fitted  line  contains  the  results  of  the  wave-induced 
pressure  measurements.”"’  Further  direct-pressure  mea¬ 
surements  of  wave-grow'th  rates  made'*'  in  the  North 
Sea  at  values  of  p  up  to  about  10  corroborate  the  square- 
law  behavior. 

The  experimental  evidence  remains  open  to  interpre¬ 
tation.  The  square-law  behavior  in  the  wave-induced 
energy  gain  leads  to  growth  in  wave  momentum  far  ex¬ 
ceeding  the  wind  stress.”  Theory'”  suggests  that  the 
wave-growth  mechanisms  in  the  two  ranges  of  dimen¬ 
sionless  wind  speed  (1  <  p  <  3,  7.5  <  p  <  75)  are 
different.  A  large  uncertainty  persists  in  the  form  of  the 
parameterizations  for  the  energy  and  momentum  input 
from  the  wind. 

FETCH-LIMITED  WAVE-DEVELOPMENT 
MEASUREMENTS 

Several  field  experiments  have  been  designed  to  ob¬ 
serve  the  development  of  the  entire  wave  field  under  the 
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forcing  of  a  steady  wind.  These  experiments  have  been 
used  to  determine  and  define  the  shape  of  the  .spectrum 
and  its  time  and  space  development,  and  to  provide 
calibrated  fetch-limited  growth  laws  for  the  modeler.  The 
Joint  North  Sea  Wave  Project  ’’  led  directiy  to  the  de¬ 
velopment  of  parametric  models  that  included  for  the 
first  time  the  influence  of  nonlinear  wave-wave  interac¬ 
tions  on  wave  development.  The  most  recent  models 
compute  the  nonlinear  interactions  ab  initio  and  include 
refraction  and  shallow-water  effects.  Most  have  been 
tested  extensively  in  the  swa.mf>  (Sea  Wave  Modeling 
Project)"'  and  swim  (Shallow  Water  Intercomparison 
of  Models)''*  studies,  which  included  not  only  standard 
tests  such  as  steady-wind  offshore  growth,  but  also  tested 
all  the  models  against  specific  real  storms,  verified  with 
at  least  some  wave  measurements.  All  the  models  were 
within  a  factor  of  about  2  in  wave  energy  and  about  20'Vo 
in  dominai.i  wave  frequency.  The  width  of  the  limits  of 
agreement  is  a  measure  of  the  state  of  the  art  in  wave 
modeling. 

Additional  field  experiments  have  been  conducted 
since  those  tests.  Two  recent  ones  were  performed  in 
Lake  Ontario’"  and  in  the  open  North  Atlantic’'  dur¬ 
ing  the  Canadian  Atlantic  Storms  Program  (C.asp).  The 
Lake  Ontario  measurements  were  performed  with  a  wave 
.staff  array  of  superior  directional  and  wavelength  (high- 
frequency)  response.  (A  wave  staff  array  is  a  group  of 
vertical  wave-measuring  wires  arranged  in  a  carefully 
designed  horizontal  pattern— -an  antenna  of  sort,s.)  The 
c  ASP  measurements  were  made  with  directional  wave 
buoys  in  the  presence  of  large-amplitude  swell.  Both  in¬ 
dicate  deficiencies  in  the  earlier  field  measurements  and 
the  growth  laws  derived  from  them.  In  addition,  both 
clearly  indicate  that  the  growth  laws  for  the  laboratory 
measurements,  which  are  of  relatively  young  w'aves,  dif¬ 
fer  significantly  from  the  field  growth  laws.  The  implicit 
assumption  in  the  models  of  a  single  generation  mecha¬ 
nism  that  leads  to  the  choice''  of  a  single  regression 
line  in  fitting  dimensionless  wave  energy  to  frequency 
and  fetch,  for  both  the  laboratory  and  the  field  data, 
is  no  longer  tenable. 

The  Lake  Ontario  and  casp  experiments  demonstrate 
the  benefits  of  using  the  wave-age  parameter  C^/U^, 
where  C^,  is  the  phase  speed  of  the  dominant  waves 
(those  at  the  spectral  maximum),  and  =  U  cos  $  is 
the  component  of  the  wind  velocity  in  the  dominant 
wave  direction  (reliable  wave-direction  measurements 
have  become  available  only  recently).  That  the  w'ave  age 
might  be  estimated  by  spaceborne  synthetic  aperture  ra¬ 
dar  remains  a  fascinating  possibility. 

Because  an  offshore  wind,  measured  at  a  height  of 
10  m,  increases  by  about  23%  within  the  first  5  km  off 
the  .shore’^  (where  the  surface  roughne.ss  decreases  sud¬ 
denly  by  2  orders  of  magnitude),  it  is  important  for  a 
given  experiment  to  define  the  variation  of  the  wind 
speed  along  the  fetch  and  to  specify  what  fetch  average 
to  use  in  the  growth-law  scaling.  The  discrepancy  be¬ 
tween  the  in  situ  wind  and  a  fetch  average  is  typically 
about  6%  (Fig.  2);  it  is  largest  at  a  fetch  of  about  2  km. 
Although  the  atmospheric  stability  can,  through  its  in¬ 
fluence  on  the  shape  of  the  near-surface  wind-speed  pro- 
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Figure  2.  The  casp^'  variatton  in  the  offshore  wind  direc^ 
tion  of  the  ratio  U,q(X  )/L/,(-{0)  of  wind  speed  at  a  height  of  10 
m  and  a  fetch  of  X  km  to  the  shoreline  wind  speed  (black  curve), 
the  calculated  ratio  0,o(X  )/C/,oiOl  of  the  fetch-averaged  wind 
speed  to  the  shoreline  wind  speed  (red  curve),  and  their  differ¬ 
ence  (blue  curve). 

file,  also  affect  the  wa\e-g’'owih  rate,"'  the  offshore 
variation  of  air  stability  in  the  c  asp  aircraft  study--'  was 
small  enough  to  be  neglected. 

The  data  from  the  wave  staffs  in  Lake  Ontario  indi¬ 
cate  a  high-frequency  spectral  slope  that  is  much  closer 
to  /  ^  than  the  /  '  relation  suggested  by  earlier  field 
e.xperiments. ''  The  c  a.sp  experiment  indicates  that  the 
presence  of  swell  has  little,  if  any,  effect  on  the  growth 
laws  and  confirms  the  /  '  spectral  slope  of  the  Lake 
Ontario  experiment. 

DRAG  COEFFICIENT 

The  transfer  of  horizontal  momentum  from  the  air 
to  the  sea  has  been  the  subject  of  many  studies,  largely 
experimental,  in  the  wind  tunnel  and  in  the  field.  Over 
fixed  topography,  the  scaling  laws  that  define  the  charac¬ 
teristics  of  the  turbulent  boundary  layer  have  been 
worked  out  in  detail.’^  Over  the  sea,  on  the  other 
hand,  the  measurements  are  much  more  difficult,  and 
the  scaling  laws  are  not  as  well  understood.  The  pres¬ 
ence  of  a  wave  field  that  is  withdrawing  momentum 
from  the  wind  at  rates  depending  on  its  history  has  cer¬ 
tainly  led  to  complications  in  the  interpretation  of  the 
data. 

Micrometeorologists  arc  not  accustomed  to  measur¬ 
ing  waves,  and,  consequently,  all  but  the  most  recent 
publications  on  the  marine  boundary  layer  have  ignored 
their  effects.  This  circumstance  has  led  to  much  con¬ 
troversy  concerning  the  form  of  the  drag  coefficient  ov  er 
the  ocean.  The  most  recent,  good  determinations  of  the 
drag  coefficient  in  the  open  ocean'' indicate  that, 
when  only  unlimited-fetch  data  are  considered,  the  drag 
coefficient  is  found  to  vary  with  wind  speed; 

C,o  -  A(/,„  t  B  .  (ID 

where  A  and  B  are  regression  constants,  and  the  sub¬ 
script  “10”  refers  to  the  reference  height  of  the  wind 
mea.surcment .  Equation  11  can  be  simulated-  by  as- 
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suming  that  the  sea  surface  roughness  is  related,  through 
the  friction  velocity,  to  the  air-sea  momentum  transfer 
rate’^ 

Zn  =  aui/g  ,  (12) 

where  the  constant  a  is  taken  to  be  about  0.012. 

The  reader  should  note  that  neither  Equation  1 1  nor 
Equation  12  can  be  justified  theoretically.  The  former 
is  dimensionally  inconsistent,  whereas  the  latter,  although 
purported  to  apply  to  the  small-scale  waves  that  cause 
the  sea  surface  roughness  (possibly  through  flow  sepa¬ 
ration),  ignores  the  surface  tension,  which  is  as  impor¬ 
tant  as  gravity  in  determining  the  restoring  force  for  these 
short  waves.  Both  are  simply  attempts  to  allow  for  our 
lack  of  understanding  of  the  relationship  between  the 
wind  and  the  sea  surface  drag.  Thus,  Equations  11 
through  13  should  not  be  taken  as  explanations  of  the 
physics;  they  only  simulate  the  measurements. 

Air-sea  momentum  flux  measurements  in  Lake  On¬ 
tario  have  been  used’’'  to  produce  a  model  of  the  wind 
speed  and  sea  state  variation  of  the  drag  coefficient  on 
the  basis  of  the  idea  that  the  increased  drag  in  young 
seas  is  due  to  flow  separation  from  the  crests  of  break¬ 
ing  waves.  The  model,  which  can  be  seen  in  Figure  6 
of  Ref.  29  (not  shown  in  this  article),  fits  all  the  Lake 
Ontario  drag  coefficient  data  and  also  the  open-ocean 
drag  coefficients.^'  "*  It  can  be  simulated  with  the  sim¬ 
pler  relation 

lO’Co  =  (U,/C,JiAU  +  B)  . 

0.8  <  <  1.25  ,  (13) 

where  A  ^  0.07  and  B  =  0.3. 

.\  series  of  wind-stress  and  wave  spectral  measure¬ 
ments  made  in  the  North  Sea^"  have  been  used— in 
conjunction  with  a  formulation’’  that  allows  the  esti¬ 
mation  of  the  wave  age  from  the  observed  fetch-limited 
wave  growth — to  estimate  the  wave-age  dependence  of 
the  oceanic  drag  coefficient.  Because  the  drag  coefficients 
have  not  been  related  to  the  wind  speed,  they  cannot 
be  compared  directly  with  the  predictions  of  Equation 
13.  The  best  that  can  be  said  is  that  the  North  Sea  results 
indicate  a  doubling  of  the  drag  coefficient  at  low  wave 
age,  in  qualitative  agreement  with  the  Lake  Ontario 
work.  Neither  of  these  sites  is  influenced  strongly  by  the 
presence  of  swell. 

The  latest  results,  from  the  Humidity  Exchange  Over 
the  Sea  (HExos)”  program,  which  was  also  performed 
in  the  North  Sea,  are  subject  to  further  correction  (S, 
D.  Smith,  personal  communication,  1989)  because  of 
flow  distortion  around  the  hexos  measurement  boom 
and  for  advection  of  the  waves  by  currents.  Direct  mea¬ 
surements  of  the  wind  .stress  were  made  by  several  ob¬ 
servers  and  were  combined  with  wave  measurements 
from  directional  and  nondirectional  wave  buoys.  The 
HEXOS  measurements  indicated  qualitative  agreement 
with  Equation  13,  except  for  the  youngest  seas  (U^/C,„ 
=  2.5),  where  the  HE-xas-measured  drag  coefficients 
were  less  than  half  those  predicted  by  Equation  13. 


Bearing  the  differences  in  mind,  it  remains  clear  that 
the  drag  coefficient  is  not  constant  with  wind  speed  or 
air  stability  and  has  a  strong  wave-age  dependence  in 
young  seas.”  It  is  common  practice  in  most  of  the 
wave  models  in  use  today,  before  applying  the  growth 
laws,  to  convert  measured  wind  speeds  to  friction  ve¬ 
locities  by  using  a  constant  drag  coefficiciii,  or  one  that 
increases  slowly  with  wind  speed.  Although  the  growth 
laws  themselves  are  scaled  with  friction  velocities  ob¬ 
tained  from  a  similar  (but  not  necessarily  the  same)  drag 
coefficient,  such  scaling,  which  is  in  wave  energy, 
will  produce  correct  wave  predictions  only  at  intermedi¬ 
ate  wind  speeds,  when  the  wave  age  is  similar  to  that 
at  which  the  original  measurements  were  made.  The  only 
remaining  luestion  is  “How  large  will  the  errors  in  wave 
height  be'.' 

SCALING  THE  FETCH-LIMITED 
GROWTH  LAWS 

We  decided  to  scale  the  fetch-limited  wave-growth 
data  collected  during  casp”  with  values  of  (the 
component  of  the  friction  velocity  in  the  wave  direction) 
obtained  from  the  measured  wind  velocities  by  using 
three  different  drag  coefficient  formulations:  (I)  constant 
C„  =  1.5  X  10  (2)  a  C,,  formulation’  with  a 

u, -dependent  roughness  length’*  that  simulates  the 
wind-speed  variation  of  the  long-fetch  measurements; 
and  (3)  Equation  13,  which  is  an  approximation  to  the 
wave-age-dependent  drag  coefficient  model.’*’ 

The  total  wave  energy 

£=!<.(/)  <</.  „4, 

vsind  vcd 
trequcncics 

where  d>(/)  is  the  wave-power  spectrum,  is  regressed  in 
the  dimensionless  form 

£■*  =  feV(ui)1C  ,  (15) 

against  the  dimensionless  fetch 

•T'*  =  [g/(t/j)’]A'  (16) 

and  inverse  wave  age 

=  (H.  cos  (5I)/C,„  ,  (17) 

where  X  is  the  fetch  and  C,„  is  the  wave  phase  speed 
at  the  spectra!  peak.  Power  law  relations  of  the  form 

£  =  AX'‘  (18) 

are  assumed,  and  log,|,£'"  is  regressed  against  log,,, A'*' 

to  obtain  B  as  the  slope  and  A  as  the  intercept  of  the 
log-log  least-square's  fit  for  the  growth  law.  The  least- 
square.s-fit  growth  laws  for  the  three  different  u;  scal¬ 
ings  of  the  c  asp”  fetch-limited  data  differ;  scaling  with 
wave  age  changes  the  slopes  and  intercepts  of  the  growth 
laws  substantially. 
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The  dimensionless  energy  versus  fetch  laws  for  the 
CASP  data  for  the  constant  and  wave-age-dependent  «; 
scalings  (Fig.  3)  indicate  the  size  of  the  differences.  The 
slope  of  the  energy  versus  fetch  relation  changes  from 
1.04  for  a  constant  to  1.28  for  a  wave-age- 
dependent  Cd  (95"7o  confidence  interval  on  the  slope  is 
0.08);  the  corresponding  correlation  coefficients  are  0.87 
and  0.94.  Large  discrepancies  in  the  dimensionless  ener¬ 
gies  are  seen  at  a  given  fetch:  the  constant  energy 
is  higher  by  a  factor  of  more  than  3  at  low  fetches  (10') 
and  lower  by  a  factor  of  more  than  2  at  large  fetches 
(10*).  The  dimensionless  energy  versus  inverse  wave-age 
relations  (Fig.  4)  also  differ,  but  the  differences  are  barely 
significant  statistically  (e.g.,  the  slopes  are  just  outside 
each  other’s  95'?’o  confidence  intervals). 

The  effect  of  adding  wave-age  dependence  to  the  drag 
coefficient  is  to  reduce  the  scaled  wave  energies  for  low 
fetches  and  young  waves.  The  correlation  coefficient  im¬ 
proves  as  the  scaling  goes  from  a  constant  drag  coeffi¬ 
cient  to  a  dependence  on  wave  parameters.  Even  in  the 
fetch-limited  subset  of  the  c.ASPdata  set,  and  even  when 
no  wave-age  dependence  is  allowed  for  in  the  drag  coeffi¬ 
cient,  the  wave  age  is  clearly  a  better  predictor  of  wave 
energy  than  is  the  dimensionless  fetch  (i.e.,  the  scatter 
in  £  '■  is  less  for  a  given  wave  age  than  for  a  given 
dimensionless  fetch).  The  statistical  significance  of  the 
larger  correlation  coefficients  when  w'ave  age  is  added 
as  a  fitting  parameter  is  the  subject  of  a  separate 
study. In  general,  the  differences  in  correlation  be¬ 
tween  the  fits  for  constant  and  wind-dependent  Cp 
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Figure  3.  Log-log  least-squares  (/  on  X)  fit  for  the  casp 
dimensionless  energy  versus  fetch  relation  (Eqs.  15  and  16), 
limited-fetch  data  only.  The  data  have  been  scaled  with  friction 
velocity  components  in  the  wave  direction  obtained  from 
two  formulations  for  the  drag  coefficient;  (1)  constant  (red  curve 
only),  and  (2)  varying  with  wind  speed  and  wave  age  according 
to  Equation  13  (blue  curve  with  data  values).  The  data  values 
for  the  constant  drag  coefficient  scaling  have  been  omitted  for 
clarity. 


scalings  arc  not  significant,  whereas  those  between  the 
constant  and  wave-age-scaled  C,,  values  are. 

DISCUSSION  AND  CONCLUSIONS 

Five  points  have  been  made  in  this  article: 

1.  The  formulation  for  the  energy  input  from  the 
wind,  which  is  in  common  use  in  wave  models,  applies 
over  a  limited  range  of  dimensionless  wind  speed  (1  < 
C /C,„  <  3).  Because  younger  waves  (large  U/C)  are 
influenced  by  different  growth  mechanisms,  both  theo¬ 
retical  and  experimental  reasons  exist  for  assuming  that 
the  energy  input  formulation  in  the  models  should  be 
different  for  their  dimensionless  wind-speed  reeime, 
(y,/c,„  >5. 

2.  The  fetch-limited  growth  (i.e.,  the  sum  of  energy 
input  from  the  wind  and  nonlinear  transfers  of  energy 
from  other  wavelengths  minus  loss  to  dis.sipation)  of 
young  waves  is  observed  to  be  substantially  different 
from  that  of  more  fully  developed  waves.  Attempts  to 
include  both  field  (old  waves)  and  wind-wave  tunnel 
(young  waves)  measurements  in  a  general  growth  law 
cannot  be  reproduced  in  recent  field  measurements.  Two 
separate  growth  laws  are  needed,""  with  a  transition  re¬ 
gion  at  a  wave  age  of  C^/U^  -  0.2.  Failure  to  use  a 
separate  young-wave  law  produces  wave  energies  too 
small  by  a  factor  of  about  2  for  young  waves  (C„,/C 
<  0.1). 

3.  The  so-called  “measured”  wind  in  limited-fetch 
wave-growth  experiments  varies  with  fetch  and  has  not 
been  defined  precisely.  This  variation  depends  in  part 


Figure  4.  Log-log  least-squares  (V  on  X)  fit  for  the  casp 
dimensionless  energy  versus  inverse  wave-age  parameter  rela¬ 
tion  (Eqs.  15  and  17),  limited-fetch  data  only.  The  data  have  been 
scaled  with  friction  velocity  components  o')  in  the  wave  direc¬ 
tion  obtained  from  two  formulations  for  the  drag  coefficient: 
(1)  constant  (red  curve  only),  and  (2)  varying  with  wind  speed 
and  wave  age  according  to  Equation  13  (blue  curve  with  data 
values).  The  data  values  for  the  constant  drag  coefficient  scai- 
ing  have  been  omitted  for  clarity. 
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on  the  roughness  of  the  upwind  (land)  surface.  The  vari¬ 
ation  feeds  back  into  points  1  and  2  listed  previously: 
If  different  growth  laws  apply  at  different  wave  ages, 
the  wind  scaling  cannot  be  defined  without  accounting 
for  it.  As  Figure  2  indicates,  errors  in  U  (and  28% 
in  V^)  result  at  intermediate  fetches. 

4.  The  relationship  between  the  wind  stress  and  the 
wind  velocity  at  sea  is  not  a  simple  square  law-.  The  most 
recent  measurements  indicate  that  the  drag  coefficient 
(Eq.  6)  varies  with  both  the  wind  speed  and  the  wave 
age.  The  wind-speed  dependence  can  be  simulated  ■'*  by 
allowing  a  dependence  of  the  small-scale  roughness  of 
the  sea  surface  on  the  wind  stress,  that  is,  on  the  square 
of  the  friction  velocity  «*.  For  reasons  given  earlier, 
wave-growth  measurements  have  been  scaled  invariably 
with  the  wind  speed  U,  whereas  the  correct  scaling  for 
wave  modeling  should  be  with  u,.  Therefore,  wave 
predictions  cannot  be  more  accurate  than  our  knowl¬ 
edge  of  the  relation  between  U  and  that  is,  of  the 
drag  coefficient. 

5.  As  Figures  3  and  4  indicate,  it  helps  to  scale  the 
measured  wave  parameters  with  U^/C„.  The  energy 
versus  fetch  growth  laws  scaled  with  a  constant  drag 
coefficient  differ  from  those  scaled  with  a  wave-age- 
dependent  drag  coefficient  by  a  factor  of  2  in  sensitivity 
and  20%  in  the  exponent  of  the  power  law.  It  is  a  sim¬ 
ple  matter  to  choose  one  drag  coefficient  for  all  wave 
models  and  obtain  relative  intercalibration,  as  was  done 
for  the  swA.Mp  and  swim  tests.  Absolute  calibrations  re¬ 
quire  choosing  the  correct  drag  coefficient  and  then  look¬ 
ing  elsewhere  in  the  model  physics  for  differences  from 
calibration  data  (if  a  calibrated  data  set  can  be  found). 

Such  difficulties  suggest  that  all  wave  models  must 
continue  to  revert  to  comparisons  with  the  limited  ex¬ 
perimental  data  set  when  predicting  wave  uelds  from 
wind  fields,  even  when  the  wind  fields  are  said  to  be  well 
known.  The  outcome  of  the  spectral  intercomparisons 
of  the  Labrador  Sea  Extreme  Waves  Experiment  (LEw- 
E.X)  clearly  indicates  this  situation.  The  question  inevita¬ 
bly  arises,  “What  should  we  tune?”  As  long  as  the 
fundamental  relationships  between  the  wind  velocity,  the 
wind  stress,  and  the  sea  state  remain  unquantified,  the 
coefficients  in  those  parameterizations  determine  the 
most  effective  tuning  strategy.  We  cannot  proceed  to 
quantify  the  other  physical  processes  in  the  wave  field, 
in  particular,  wave  dissipation. 

These  comments  are  not  to  say  that  all  the  physical 
understanding  available  at  a  given  time  should  be  left 
out  of  the  models;  on  the  contrary,  without  it,  the  prob¬ 
lem  of  quantifying  the  physics  cannot  be  formulated  sen¬ 
sibly  at  all.  Nevertheless,  progress  in  physical  under¬ 
standing  cannot  be  achieved  without  a  well-defined 
strategy  of  theory-directed  experiments  that  isolate  the 
various  physical  mechanisms  at  work  in  the  wind-wave 
coupling  and  seek  to  quantify  them,  first  in  isolation  and 
then  in  interaction  with  the  rest.  Although  i  ewex  was 
not  such  an  experiment,  nor  was  it  designed  to  be,  it 
can  nevertheless  illuminate  deficiencies  in  the  process  of 
scientific  discovery,  thereby  leading  to  more  focused  de¬ 
signs  in  the  future.  Meanwhile,  first-  and  second- 
generation  wave  models  will  continue  to  do  as  well  in 


wave  forecasting  as  the  ne«  models  do,  but  at  a  louei 
computational  cost.  The  primary  task  at  hand  o  to  de¬ 
fine  the  wind. 
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WIND  DATA  AND  THE  MARINE  BOUNDARY  LAYER 


The  UispaniiCN  id  she  Sviiunis  csiiniaics  .>t  vsuid  tickls  Iruin  itic  I  abt.aku  scvi  1  \ucnic  Wa'.cs  I  \pcn 
Diciit  can  be  explained  b>  the  lack  o!  agreement  on  the  melh^.>d^  used  tor  tlie  anaisMs  ol  the  maiine 
boundary  layer,  the  poor  ejualuy  ot  the  xvmd  reports,  and  the  etiiena  lot  the  aeeepuinec  o5  the  vsind 
reports  !rom  both  ships  and  buoys. 


INTRODLCTION 

nre  data  used  to  dcfitk'  the  winds  in  the  marine  ixHind 
ary  layer  eunte  predominantly  Irorn  transient  ships  i>i  <>(v 
[vsnunity  and  trom  the  national  data  buoss  I’lie  ship  d.ita 
ore  ot  extremely  pixir  qualits  as  shown  by  numerous  re- 
eent  insestigations.  Ships  and  buoys  do  not  adequateb 
eoser  the  worl<l  ixeans  {-ven  i!  the  ship  and  data  buoy 
repxifts  ssere  abseiJutely  eorrect  and  represented  the  s\n- 
optie-seaJe  wind,  ditfieulties  would  siill  exist  beeause  oi 
piK>r  eo'crage  and  inadequate  physical  models.  .-\  stnkine 
result  ot  the  irsv{\  , labrador  Sea  k.xtreme  Waxes  l  x- 
pertmeni)  analyses  is  that  the  wind  spewls  and  diieetions 
at  the  two  shifis,  the  C  f-.-W  Quest  and  HNl.MS  TuJe 
man.  as  speeified  by  the  Fleet  Numerical  Oceanography 
C  enter  as.**,  t.  the  National  Meteorological  Carter  <nxh s. 
CXetin  \keaiher.  Incorporated,  the  Eruropean  Centre  tor 
Medium  Range  W  eather  Forecasts,  and  the  LnittxJ  King¬ 
dom  .Maeoroiogicai  Otfice,  were  ail  diltcrent.  The  wind 
i'leids  generated  by  xaneius  centers  aissr  dittered  from  one 
another  oxer  the  enure  North  \tlaniic  (see  /ambreskx. 
this  soiumel. 

\ns  one  ot  the  spectral  wave  mcxleb,  if  run  one  ai 
a  time  with  each  sequence  of  the  different  wind  sptvifica- 
tH>ns.  would  pnxluce  different  spectra.  Different  wave 
nxxlels  used  by  the  lorceast  centers  and  analyzed  at  The 
johns  Flopkms  I  nivcrsity  .Applied  Physics  I  aboraiory 
were  run  for  a  common  input  wind  field  The  wase  spcc- 
.ra  that  resulted  for  a  goon  model  differed  for  the  same 
time  and  place  compared  with  the  wave  spectra  that  re 
suited  trom  separately  derived  winds  Further,  the  differ¬ 
ent  nuxlels  still  differed  trom  one  another  when  driven 
with  identical  winds 

Ail  or  !,he  wind  fields  produvexi  tor  the  it  wj  x  speviral 
;n!acoiTipan>ons  ,irc  based  on  the  same  "raw"  data,  that 
,'s,  data  trom  synoptic  repi'rt'  Irom  land  stations,  ships 
of  opportunity,  and  data  buoys,  along  with  Kith  conven 
tumal  and  remote  atmospheric  soundings  Thus,  differ 
ctKcs  result  from  variations  in  both  ihe  models  and  the 
mcthtxls  used  bv  the  diftcrcni  toreeasi  centers  lo  analyze 
the  'vnnpti^  data  and  prtxJuce  the  resulting  gndded  syn 
opt  IX-  ale  winds  (see  (lerling.  this  voturnc). 

Wave  modelers  otreii  as'iimc  that,  ai  least  lor  spceity- 
ing  the  wave  spectra,  the  input  driving  winds  are  a  ".eiv 
en”  and  ate  .orrect  Ihis  assumption  is  not  necessarily 
true  Wave  models  that  arc  'tuned"  to  the  wind  output 

to 


ol  a  particulai  nuxlcl  inherit  the  errois  of  that  mode! 
,\  maiivr  reav(>n  tor  t.heve  differences  is  itiai  the  winds 
rc[X*r!cd  by  ships  at  sea  are  o!  (xxm  quality 

Of  the  vancius  wind  fields,  it  would  be  difficult  to 
shovv  that  s»ne  was  mv'te  neatly  tvirrcvt  than  the  others 
Wave  nuvdels  vvill  have  inherent  errors  as  imidcaMs  tx* 
cause  of  wind  field  errors;  ye!  lo  lx*  determined  is  how 
the  errors  in  vvavc  hmdcasiv.  which  are  the  mifial  value 
specif  leaf  itsfis  for  wave  toresasfs.  affect  errors  in  fluisc 
forecasts 

.•\N.\kVSlS  F^RCK  bDLRl  S 

The  various  national  weather  fotecasimg  centers  all 
follow  the  same  general  prexedure  fo  prixiuce  the  vsind 
fields  that  would  be  used  to  drive  a  wave  nuxief  Their 
prcxcdurcs  differ  in  details,  however  The  objective  of 
the  analysis  at  a  cenicr  is  to  prixiuce  fhc  initial  value 
spcvitkation  as  a  funcfion  of  iafitude.  longitude,  and  ele¬ 
vation  of  the  quantities  needed  to  time-step  the  fmitc- 
ditfcrence  atmospheric  nuxic!  used  by  that  center  to  fore¬ 
cast  changes.  Of  particular  interest  are  the  formation, 
movernent,  and  deepening  or  filling  of  low  centers  fot 
wind  forecasts  and  the  advcction  ol  water  sapi'r  for  the 
release  of  latent  heat  and  the  prediction  of  raintall 

The  details  ot  how  each  cenicr  prixiuces  a  marine 
boundary -layer  wmd  field  arc  diflkull  to  find  in  the  pub¬ 
lished  literal  lire  Moreover,  in  the  day-to-day  operation 
of  a  center  changes  arc  stimciimcs  made.  (Sec  Ref,  I  for 
a  description  of  the  mclhods  used  by  the  s-xk  and  Ref. 
2  for  those  used  by  the  imk  in  1982.  Marine  applica 
tions  ol  the  Nxn  pnxJuct  arc  described  m  Ret.  Tor 
example,  the  pnxcdurcs  of  the  ixoi  pnxluce  a  "blend¬ 
ed"  wind  field,  in  which  weights  are  assigned  to  various 
kinds  of  data  and  computer  products  on  the  basis  of 
tecent  past  data.  The  sxk  method  depends  on  ideas  in- 
trcxluccd  by  Bergman,*  As  with  the  famous  product 
trom  Scotland,  the  blends  produced  by  other  centers 
could  have  quite  distinct  characienspcs. 

Ihc  atmosphere  is  dividcxl  into  layers,  and  the  heights 
ot  surfaces  on  which  the  atmospheric  pressure  is  constant 
arc  part  o‘  the  initial  value  specification,  along  with  the 
winds  at  each  of  those  surfaces.  The  number  of  lasers 
useii  in  a  mode!  probably  vanes  al  each  center,  but  they 
all  max  start  with  the  height  of  the  lOPtf-hectoptisca)  (hPa 


*  1  mbar  in  the  previous  system  of  international  units) 
surface  and  use  a  standard  procedure  to  convert  this  sur¬ 
face  to  an  isobaric  pattern  at  sea  level,  even  over  land. 
The  thicknesses  of  the  layer  nearest  the  Earth’s  surface 
in  a  model  vary  at  each  center.  In  addition,  the  velocity 
field  in  that  layer  must  represent,  by  single  vectors  at  each 
grid  point,  the  behavior  of  a  large  volume  of  air  as  de¬ 
fined  by  an  area  around  each  grid  point  (thousands  of 
square  kilometers)  and  the  various  thicknesses  of  the  layer 
(hundreds  of  meters)  used  for  that  particular  mtxlel. 

The  map  projections  used  in  these  models  also  differ, 
and  the  equations  for  describing  the  various  fields  are 
modified  to  account  for  those  projections.  One  wonders 
about  the  effect  of  smoothing  on  different  projections. 
A  closed  contour  for  the  lOOfi-hPa  surface  on  one  map 
projection  will  not  have  the  same  shape  on  another. 

Data  from  the  land  affect  the  analysis  over  the  ocean 
oy  continuity.  A  separate  research  study  would  be  neces¬ 
sary'  to  find  out  how  the  various  models  treat  the  Green¬ 
land  Ice  Cap,  the  winds  over  the  water  around  Green¬ 
land,  the  Tibetan  Plateau,  the  various  mountain  ranges 
of  the  Earth,  and  the  winds  around  islands.  The  vari¬ 
able  winds  described  by  Ezraty  in  this  volume  may  be 
the  effect  of  nearby  land.  Also,  synoptic  updates  are 
usually  available  only  every  six  hours.  An  interpolation 
for  three-hour  intervals  may  or  may  not  be  made. 

The  winds  used  for  the  numerical  weather  forecasts  are 
not  necessarily  those  used  for  the  marine  boundary  layer, 
and  an  additional  analysis  step^  is  required  to  specify  the 
winds  at  either  10  or  19.5  m  as  the  driving  winds  for 
specifying  (hindcasting)  or  forecasting  the  wave  spectra 
at  each  grid  point  of  the  wave  model.  Wave  models  may 
require  a  different  grid  than  the  weather  forecasting  mod¬ 
el,  so  that  an  interpolation  is  often  needed. 

All  analysis  schemes  smooth  the  wind  fields.  Sharp 
wind  shifts  at  fronts  are  not  well  modeled.  Smoothing 
tends  to  alter  gradients  in  the  pressure  field,  so  that  winds 
computed  from  the  pressure  field  in  areas  of  “true”  high 
winds  are  lowered,  and  winds  in  areas  of  “tri’e”  low 
winds  are  made  higher.  (Reference  5  compares  model 
winds  from  the  fnoc  Global  Spectral  Ocean-Wave 
Model  with  winds  from  data  buoys.) 

DATA  ASSIMILATION 

Meteorological  forecasts  are  typically  made  every  12 
hours  for  several  days  into  the  future.  The  forecast  cycle 
begins  with  an  initial  value  update.  The  forecast  outputs 
for  the  previous  1 2-hour  cycle  are  the  startup  data  for 
the  present  forecasts,  and  these  are  reinitialized  for  the 
current  time  by  assimilating  the  newly  observed  data  for 
the  present  synoptic  time. 

These  forecast  12-hour  data  fields  are  called  first-guess 
fields  for  an  initial  value  update.  The  measured  and 
reported  new  synoptic  data,  such  as  reports  from  ships, 
are  used  to  attempt  to  correct  the  first-guess  field  for 
changes  in  the  meteorological  fields  that  were  not 
predicted  by  the  past  12-hour  foreca.st. 

For  the  marine  boundary  layer,  the  available  ship 
reports  are  apparently  used  only  one  at  a  time  at  some 
centers.  The  reported  sea-level  pressure  is  compared  with 
the  model  value,  and  the  accuracy  of  the  value  is  judged 


on  the  basij  of  how  close  tt  is  to  the  first  guess,  Dillerent 
centers  use  different  methixls  to  judge  the  accuracy  ol 
the  rejxsn.  If  correct,  the  pressure  field  i-.  changed  by 
an  area  smoothii’g  technique  to  agrc*e  with  the  new  data. 
The  reported  winds  are  compart'd  with  the  model  winds. 
The  report  is  then  used  with  some  son  oi  boundary  layet 
model  to  change  the  wind  and  adjust  the  pressure  gra 
dieni  near  the  ship  to  agree  with  the  corrected  wind. 

In  the  data  assimilation  prtKedure,  the  accuracy  o! 
the  wind  reports  now  becomes  important.  .As  1  will  dis 
cuss,  very  large  errors  in  these  wind  reports  e.Kis(,  These 
errors  are  in  pan  systematic. 

Given  a  number  of  ships  around  a  low  center,  some 
repons  will  agree  with  the  first -guess  winds  within  the 
required  differences  and  will  thus  be  usc'd  to  correct  the 
initial  guess.  Nevertheless,  both  the  ship  winds  and  the 
initial  value  update  can  be  incorrect  and  contain  large 
errors.  In  addition,  many  ships  in  an  area  of  high  winds 
may  all  repon  high  winds.  If  the  initial  value  update  calls 
for  lower  winds,  as  each  ship  repon  is  tested  one  by  one, 
that  update  can  be  rejected.  Thus,  all  ship  reports  would 
be  rejected,  and  the  initial  value  update  would  not  show 
that  a  cyclone  had  deepei  ed. 

In  data-sparsc  areas,  a  .ingle  report,  which  may  or 
may  not  be  accurate,  may  influence  an  area  of  5°  of 
latitude  and  5°  of  longitude;  the  first-guess  field  may 
or  may  not  be  correct;  and  the  choices  as  to  whether 
to  assimilate  the  report  may  or  may  not  in-prove  the  ini¬ 
tial  value  update. 

A  cyclone  moving  into  an  area  devoid  oi  data  is  car¬ 
ried  forward  by  continuity  a.s  part  of  the  first-guess  field. 
If  the  field  has  errors  (c.g.,  a  low  center  at  the  wrong 
place,  with  a  central  pressure  that  is  not  low  enough), 
it  cannot  be  corrected. 

Thus,  each  wind  field  for  the  different  meteorological 
centers  could  evolve  from  one  synoptic  time  to  the  next, 
while  still  being  different  and  accepting  some  subset  of 
the  available  ship  report  data.  Errors  in  the  specification 
of  the  marine  boundary  layer,  in  the  form  of  an  incorrect 
l(KX)-hPa  surface,  propagate  upward  to  great  heights  be¬ 
cause  the  remotely  sensed  atmospheric  soundings  over 
the  ocean  are  integrated  upward  to  define  the  surfaces 
of  constant  pressure  for  the  model. 

All  analysis  methods  must  balance  the  Feld  of  mass 
and  the  field  of  motion.  The  winds  over  the  ocean  are 
an  essential  input  to  the  marine  boundary  layer.  Poten¬ 
tially  important  information  is  omitted  if  pressure  data 
alone  are  used.  Even  if  the  winds  were  to  be  derived  sole¬ 
ly  from  the  pressure  field,  one  would  still  need  to  validate 
the  derived  winds  against  measurements  of  the  winds. 

THE  POOR  QUALITY  OF  SHIP  REPORTS 

Reference  6  contains  the  results  of  comparing  w  ind  re¬ 
ports  that  were  made  at  the  same  synoptic  time  by  pairs  of 
ships  within  100  km  of  each  other.  That  article  is  a  reeval¬ 
uation  and  an  extention  of  a  report  by  Dischel  and  Pier¬ 
son,'  It  demonstrates  the  poor  quality  oi  ship  reports  in 
many  different  ways  and  recommends  corrective  mea¬ 
sures.  The  data  for  Figure  1  here  comprise  8265  pairs  of 
reports  from  ships  in  the  region  30”N  to  40°N  and  70°W 
to  80°W.  Only  one  ship  of  the  pair  had  an  anemometer. 
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Figure  1.  Perspective  three-dimen¬ 
sional  plot  of  counts  vertical  axis)  of 
the  number  of  times  ships  with  ane¬ 
mometers  (into  the  perspective  plane) 
and  ships  without  anemometers  (hori¬ 
zontal  axis)  within  100  km  of  each  oth¬ 
er  reported  wind  speeds  from  0  to  50 
kt  at  a  synoptic,  time  fer  a  North  At 
lantic  location  somewhere  in  Marsden 
Square  116  (30‘N  to  40°N;  TQ-W  to 
80°W).  The  largest  number  of  counts 
occurred  146  times  when  ships  both 
with  and  without  an  anemometer  re¬ 
ported  10  kt.  (Reprinted,  with  permis¬ 
sion,  from  Ref.  6,  p.  13,317:  - 1990  by 
American  Geophysical  Union.) 


146  pairs  of  reports  at  10  kt  each 
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Speed  (kt)  reports  of  ships  without  an  anemometer 


The  observer  on  the  ship  without  an  anemometer  esti¬ 
mated  the  wind  according  to  the  instruaions  of  the  World 
Meteorological  Organization.  This  difficult  task  in  pan 
depends  on  the  assumption  that  there  is  a  one-to-one  re¬ 
lation  between  sea  state  and  wind  speed. 

The  perspective  plot  of  Figure  1  shows  a  plane  from 
which  rectangular  parallelepipeds  project  upward.  The 
horizontal  axis  in  the  plane  shows  a  scale  from  0  to  50  kt 
for  reports  by  ships  without  anemometers.  The  projec¬ 
tion  into  the  figure  shows  a  scale  from  0  to  50  kt  for 
repons  by  ships  with  anemometers.  The  small  number 
of  omitted  reports  of  winds  over  50  kt  does  not  affect 
the  interpretation  of  this  figure.  The  vertical  height  of 
each  parallelepiped  shows  the  total  number  of  times  pairs 
(one  with  an  anemometer  and  one  without)  of  ships  re¬ 
ported  the  plotted  speeds.  For  example,  ships  without 
anemometers  reported  10  kt  when  ships  with  anemom¬ 
eters  reported  10  kt  146  times.  Once,  a  ship  without  an 
anemometer  reported  50  kt  while  one  with  an  anemom¬ 
eter  reported  9  kt.  Had  the  wind  speeds  reported  by  each 
pair  of  ships  been  correct  for  the  synoptic  scale,  the 
counts  would  have  fallen  close  to  the  45-degree  line  of 
perfect  fit. 

Wind  speeds  for  the  synoptic  scale  separated  by  1(X)  km 
or  less  should  not  differ  by  the  large  amounts  shown  in 
Figure  1 .  For  example,  when  ships  without  anemometers 
reported  a  wind  of  30  kt,  ships  with  anemometers  report¬ 
ed  speeds  from  3  to  43  kt. 

In  Figure  7  (A  through  G)  of  Gerling  (this  volume), 
the  synoptic-scale  common  wind  fields  for  lewex  have 
values  every  1.25°  of  latitude  (139  km  or  75  nmi)  and 
every  2.5°  of  longitude  (at  40°,  212  km;  at  50°,  178  km; 
at  60°,  138  km).  Over  these  distances  the  wind  speeds 
may  change  by  5%  to  10%.  They  surely  cannot  change 
from  one  grid  point  to  the  next  by  the  amounts  shown 
in  Figure  1 .  The  distance  between  the  ships  is  less  than 
the  distance  between  the  winds  in  Gerling’s  figures.  More¬ 
over,  the  standard  deviation  for  the  wind  directions  (not 
shown)  was  45°.  Skeptical  readers  with  adequate  com¬ 
puter  graphics  might  find  it  interesting  to  plot  wind  vectors 
from  ship  reports  at  these  synoptic  times  to  scale  in  some 
contrasting  color  along  with  the  lewex  winds. 

Ships  without  anemometers  tend  to  over-report  speeds 
of  5,  10,  15,  20,  or  more  knots  in  5-kt  steps  along  with 


winds  of  8,  12,  16,  18,  and  22  kt.  Th,.  latter  represent 
centers  of  Beaufort  ranges  and  values  originally  in  meters 
per  second,  converted  to  knots.  These  very  large  differ¬ 
ences  in  reported  speeds  result  from  the  very  poor  quality 
of  wind  reports  by  ships.  Many  reasons  exist  for  the  poor 
quality  of  these  reports.  Even  for  ships  with  anemome¬ 
ters,  the  equipment  provided  to  the  observer  makes  a 
good  synoptic-scale  observation  difficult. 

CONCLUSIONS 

The  poor  quality  of  ship  reports  creates  difficulties 
in  obtaining  correct  descriptions  of  the  winds  in  the  ma¬ 
rine  boundary  layer.  Incorrect  descriptions  not  only 
make  it  difficult  to  specify  and  forecast  wave  properties, 
but  they  also  make  weather  forecasts  poor  and  climato¬ 
logical  studies  suspect. 

Scatterometers  on  the  European  Remote  Sensing  Sat¬ 
ellite  (known  as  er.3-1)  and  the  Japanese  Advanced  Earth 
Observing  System  (known  as  adeos)  will  help  to  provide 
better  wind  fields  for  the  marine  boundary  for  use  in 
wave  forecasts,  weather  forecasts,  and,  eventually,  clima¬ 
tological  studies.  The  methods  used  by  ships  at  sea  to 
measure  the  winds  are  obsolete.  They  could  ^  improved 
using  modern  technology.  Presently,  some  of  the  deep- 
sea  national  data  buoys  report  six  consecutive  10-min 
averages  of  the  wind  each  hour.  These  data  can  be  used 
to  validate  wave  model  winds  and  to  provide  convention¬ 
al  validation  winds  for  remotely  sensed  w'inds. 
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MARINE  WIND  VARIABILITY:  ILLUSTRATION  AND 
COMMENTS 


Sea-state  modelers  introduce  a  mean  wind  vector  at  each  grid  point  of  their  models  (hat  varies  only 
once  every  time  step.  Real  winds  often  fluctuate  at  much  shorter  space  and  time  scales.  Some  examples 
of  these  fluctuating  wind  fields  are  given,  along  with  possible  implications  for  modeling. 


INTRODUCTION 

Sea-state  modelers  and  forecasters  have  always  ex¬ 
pressed  the  need  for  more  and  “better”  winds  either  to 
develop  or  to  initialize  and  run  their  models.  Usually, 
winds  are  converted  into  wind  stress  estimates  by  using 
more-or-less  controversial  drag  relations.  It  is  not  intend¬ 
ed  here  to  discuss  these  relations,  but  rather  to  stress  how 
wind  data  should  be  handled  to  improve  their  use  in 
modeling  and  predicting  sea  state. 

Many  wind  vector  measurements  will  be  available 
soon  from  the  European  ers-i  remote  sensing  satellite 
scatterometer,  which  will  provide  global  coverage  of  the 
ocean.  As  pointed  out  by  Janssen  et  al.,'  however,  the 
increase  in  data  quantity  is  useless  if  the  data  quality  is 
not  sufficient.  This  statement  is  also  true  for  conven¬ 
tional  in  situ  measurements. 

Much  effort  has  been  spent  to  improve  the  existing 
measurement  techniques  and  to  plan  the  calibration  and 
validation  of  future  satellite  sensors.  At  sea,  without  an 
absolute  reference,  the  performance  of  in  situ  systems 
can  be  stated  only  in  terms  of  precision.  As  a  result,  we 
cannot  trust  a  single  isolated  wind  vector  value.  One  way 
to  increase  our  faith  in  wind  measurements  is  to  rely  on 
space  or  time  continuity,  provided  that  the  meteorolog¬ 
ical  condition  and  its  associated  variability  permit  such 
an  assumption. 

Wind  buoys  that  are  designed  and  calibrated  carefully 
can  achieve  precisions  at  sea  of  0.8  m/s  for  speed  and 
5°  for  direction.  Wind  reports  from  ships  without  ane¬ 
mometers  (as  shown  on  most  weather  maps)  are  usually 
rounded  to  the  nearest  5  kt  and  the  nearest  10°.  More¬ 
over,  neither  the  10-min  average  recommended  by  the 
World  Meteorological  Organization  (wmo)  nor  a  stan¬ 
dard  reference  height  is  used  systematically.  This  situa¬ 
tion  induces  added  temporal  variability,  which  impairs 
the  spatial  variability.  (See  the  article  by  Pierson,  in  this 
volume,  for  even  more  cautions.) 

The  next  section  of  this  article  will  illustrate  observed 
spatial  and  temporal  wind  variability.  The  following  sec¬ 
tion  will  focus  on  the  spectral  description  of  the  energy 
of  wind  fluctuations  and  their  relations  for  various  sepa¬ 
ration  distances.  The  final  section  will  describe  an  at¬ 
tempt  to  estimate,  as  a  function  of  time,  a  spatial  mean 
wind  vector  from  point  measurements  averaged  over 
time. 


ILLUSTRATION  OF  WIND  VARIABILITY 

Figure  1  shows  simultaneous  wind  estimates  collected 
in  the  Mediterranean  between  France  and  Corsica  in 
January  1986.’  Five  ships  reported  quite  different  wind 
speeds,  ranging  from  15  to  50  kt.  Such  a  large  number 
of  at-sea  reports,  all  within  a  250-km  span,  is  quite  un¬ 
usual.  Wind  speeds  appear  to  have  been  erratic,  but  at 
least  the  measurements  agree  that  a  strong  westerly  com¬ 
ponent  existed.  Automatic  data  validation  schemes 
would  certainly  reject  such  widely  varying  simultaneous 
reports.  An  untrained  analyst  might  comment,  “How 
unreliable  the  ship  reports  are!” 

A  closer  look  is  more  revealing.  Two  of  the  ships 
reported  high  winds  (45  ±  5  kt),  whereas  the  other  three 
reported  low  values  (20  ±  5  kt).  Moreover,  the  two  ships 
located  between  the  two  high  wind  speed  reports  both 
indicated  similar  low  values.  Allowing  for  reasonable 
ship  measurement  uncertainty,  it  is  unlikely  that  any  of 
the  ships  was  completely  wrong.  It  is  more  likely  that 
the  wind  was  highly  variable  in  space  or  in  time,  since 
individual  sets  of  comparisons  have  little  chance  to  be 
exactly  simultaneous  and  coincident. 

Figure  2  shows  a  17-h  time  series  of  wind  measure¬ 
ments,  averaged  over  l-min  intervals.  This  record  was 
collected  in  1984  during  the  Promess/Toscane  I  experi¬ 
ment  on  board  N/O  Le  Suroit,  in  the  northeast  Atlantic, 


Figure  1.  A  sample  ot  simultaneous  ship  reports  in  the  Medi 
terranean  on  23  January  1986  at  0000  UT,  indicative  of  unusually 
high  spatial  variability.  Each  full  barb  indicates  10  kt.  a  half  barb 
is  5  kt,  and  a  triangle  is  50  kt.  (Adapted  from  Ref  2 ) 
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Figure  2.  A  time  series  of  1-m in-averaged  wind  speed  and 
direction  collected  at  sea  on  board  N/0  Le  Suroit  (Toscane  1 
data)  from  1021  UT  on  20  February  to  0346  UT  on  21  February 
1984.  Note  the  different  signatures  of  wind  fluctuations  before 
and  after  the  front. 


southwest  of  Brittany.  Two  wind  regimes  separated  by 
a  cold  front  passage  are  clearly  evident.  The  first  regime 
corresponds  to  a  stable  atmosphere;  wind  direction  is 
steady  and  wind  speed  fluctuations,  at  intervals  of  10 
to  15  min,  are  less  than  1  m/s.  The  second  regime  cor¬ 
responds  to  an  unstable  atmosphere  and  exhibits  large 
wind  speed  variations  (about  7  m/s)  at  intervals  from 
30  min  up  to  1  h,  on  top  of  which  are  the  high-frequency 
components  that  are  also  present  during  the  earlier  sta¬ 
ble  regime.  Directions  also  fluctuate  by  as  much  as  50° 
over  the  same  intervals.  These  long-period  oscillations 
persist  for  12  h.  Note  the  abrupt  12-m/s  wind  speed 
change  during  a  time  span  of  only  30  min  that  occurs 
about  4  h  before  the  end  of  the  record.  For  the  10-min 
averaging  period  recommended  by  wmo,  the  reported 
variation  would  have  been  only  about  10  m/s. 

In  view  of  this  time  series  example,  the  spatial  wind 
pattern  implied  in  Figure  1  seems  likely  to  be  real  and 
not  simply  a  measurement  artifact.  Taken  together,  these 
two  examples  show  that  representing  the  wind  by  a  single 
mean  vector,  defined  at  a  given  reference  level  and  for 
a  given  duration,  may  not  capture  its  real  variability  over 
temporal  scales  of  tens  of  minutes  or  spatial  scales  of 
a  few  kilometers. 

THE  SPECTRAL  SIGNATURE  OF 
MARINE  WIND  VARIABILITY 

The  time  anu  space  scales  of  concern  here  lie  between 
the  high  frequencies,  or  short  wavelengths,  of  the  fine- 
grid  meteorological  models  (typically  30  cycles/h  and  a 
few  meters)  and  the  lower  part  of  the  turbulent  region 
(typically  1  cycle/h  and  50  km),  and  thus  may  be  in¬ 
fluenced  by  both  these  scales.  The  justification  for 
separating  these  two  regimes  is  based  on  the  well-known 
spectral  gap  of  Van  der  Hoven’  for  wind  speed  near 
the  surface.  This  spectral  energy  gap,  measured  over 
land,  has  been  used  to  justify  a  3-h  sampling  interval 
and  a  10-min  averaging  time  for  wind  measurements. 

At  sea,  evidence  suggests  that  this  spectral  gap  is  not 
always  present.  For  example,  the  two  wind  regimes  of 
Figure  2  will  each  produce  a  different  spectral  shape  in 


the  l-h  to  10-min  band.  The  early  regime  will  contain 
a  spectral  energy  gap,  but  in  the  later  regime,  the  spec¬ 
tral  energy  level  at  the  gap  location  will  be  about  the 
level  of  the  turbulent  peak,  completely  filling  the  gap. 

Pierson^  reported  overwater  data  from  M.  Donelan 
(personal  communication),  Klauss  Hasselmann  (personal 
communication).  Pond  et  at.,'  and  Miyake  et  al.'’  He 
pointed  out,  specifically  for  the  last  two  data  sets  (al¬ 
though  the  tendency  could  be  detected  in  the  others),  that 
“the  spectral  estimates  do  not  decrease  toward  lower 
values  [of  dimensionless  frequency]  as  do  the  Kaimal  et 
ai.  (see  Ref.  7]  overland  spectra.”  Then  he  modeled  this 
part  of  the  spectrum  as  the  inverse  of  frequency,  allow¬ 
ing  the  energy  level  to  be  an  increasing  function  of  wind 
speed.  Corrections  for  this  model  are  currently  in  pro¬ 
gress  (C.  M.  Tchen,  personal  communication,  1986). 

During  the  Toscane  T  campaign  in  early  1985,*'“'  a 
row  of  seven  wind-instrumented  masts  was  installed 
along  the  shore  of  the  Bay  d’Audierne  (South  of  Britta¬ 
ny,  France)  at  a  site  that  was  well  exposed  and  nearly 
perpendicular  to  ocean  winds.  The  nominal  altitude  of 
the  measurement  locations  was  12  m  above  mean  sea 
level,  and  the  separation  of  locations  ranged  from  1.5 
to  10.1  km.  A  meteorological  buoy  moored  off  the  coast 
provided  air  and  water  temperatures.  The  experimental 
layout  permitted  the  investigation  of  spectral  signatures 
of  the  along-  and  cross-wind  fluctuations  (u  and  v, 
respectively)  and  also  of  their  coherence  and  phase  as 
a  function  of  separation.  The  following  results  are  ex¬ 
tracted  from  Champagne-Philippe. 

Twenty-seven  wind  records  were  selected  on  the  basis 
of  synoptic  weather  stationarity.  The  measurement  du¬ 
ration  ranged  from  6  to  20  h,  and  the  mean  speed  var¬ 
ied  from  6  to  15  m/s.  Each  record  was  sliced  such  that 
representative  spectral  estimates  of  the  u  and  v  compo¬ 
nents  could  be  computed  in  the  l-h  to  6-s  band. 

As  anticipated,  the  spectra  showed  variable  behavior 
in  the  gap  region.  No  global  estimate  of  the  synoptic 
stability  of  the  atmospheric  boundary  layer  was  avail¬ 
able,  To  sort  the  spectra,  we  used  the  local  stability  pa¬ 
rameter,  z/Z,  (where  z  is  the  height  above  sea  level  and 
L  is  the  Monin-Obukov  length),  computed  from  the 
buoy  temperature  measurements.  The  hypothesis  was 
that  convective  situations  and  the  corresponding  insta¬ 
bility,  which  are  related  in  this  region  to  cold  air  masses, 
will  be  flagged  by  this  local  and  low-altitude  indicator. 
Only  5  situations  out  of  the  27  selected  did  not  fit  into 
the  “gap/no  gap”  spectral  classifications  anticipated  by 
ihe  a  priori  sorting  into  stable  and  unstable  atmospheric 
conditions.  The  unstable  spectra  corresponded  to  z/L 
values  between  0  and  -0.03.  The  stable  spectra  were 
further  split  into  two  subgroups,  stable  and  stable/neu¬ 
tral,  whose  mean  z/L  values  were,  respectively,  0.065 
and  0.023. 

Figure  3  presents  the  average  of  the  dimensionless 
spectra  for  each  of  the  three  aforementioned  categories 
for  both  the  along-wind  and  the  cross-wind  components, 
with  Pierson’s  1983  modeL  superimposed.  For  both 
components,  the  high-frequency  parts  of  the  spectra  be¬ 
have  the  same,  regardless  of  the  stability  category,  and 
decrease  as/  ’  \  although  the  turbulence  maximum  is 
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Figure  3.  An  averaged  spectrum  of  wind  fluctuations  for  the 
three  stability  regimes  (S— stable,  S/N— stable/neutral,  U— 
unstable)  A.  Along-wind  component.  B.  Cross-wind  component. 
Note  the  energy-preserving  form  used  to  present  spectral  esti¬ 
mates;  n  is  the  natural  frequency,  z  is  the  measurement  alti¬ 
tude,  o.  is  friction  velocity,  S^,^.n)  and  S,</7)  are  the  spectral 
energy  densities,  and  u  is  the  mean  wind  speed  at  z.  (Adapted 
from  Ref.  10.) 


shifted  to  a  lower  dimensionless  frequency.  The  striking 
feature  is  the  shape  change  in  the  expected  gap  region. 
As  local  stability  decreases,  or  convection  increases,  the 
gap  fills  up  to  about  the  energy  level  of  the  turbulent 
region.  The  plateau  shape  in  this  representation  cor¬ 
responds  to  a  1// decrease,  as  modeled  by  Pierson, 
but  does  not  seem  to  be  a  function  of  wind  speed  only, 
as  he  assumed.  It  is  also  related  to  the  stability  or  insta¬ 
bility  of  the  upper  layers  of  the  atmospheric  boundary 
layer.  One  might  hypothesize  that  the  spectral  shape  of 
wind  fluctuations  between  mesoscale  and  turbulence  is 
related  to  the  profile  of  the  Brunt-Vaisala  frequency 
from  the  surface  up  to  the  first  few  kilometers. 

Coherence  and  phase  spectra  of  the  u  and  v  compo¬ 
nents  were  calculated  for  cases  when  winds  blew  either 
perpendicular  to  or  along  the  row  of  masts  for  all  sepa¬ 
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Figure  4.  Spectra  and  cross-spectra  of  wind  fluctuations  rep¬ 
resentative  of  ffie  meteorological  situation;  A.  Along-wind  com¬ 
ponent.  B.  Cross-wind  component.  C.  Phases  (Ph)  and 
coherences  (Co)  of  the  along-wind  component  for  separation 
distances  of  1.5,  3.0,  7.1,  and  10.1  km.  (Adapted  from  Ref.  10.) 


ration  distances.  For  both  geometric  configurations  and 
for  both  components,  the  main  result  is  that  10-min- 
average  small  wind  fluctuations  are  not  (or  are  very 
weakly)  coherent,  even  at  the  shortest  separation  distance 
of  1.5  km.  Such  averages  are  therefore  noisy  estimates 
of  the  mean  wind  speed,  even  in  the  case  of  neutral  or 
stable  situations.  Some  coherence  existed  beyond  periods 
of  20  min  for  8.5-km  separation. 

Figure  4  presents,  for  the  case  of  an  unstable  at¬ 
mosphere,  the  coherence  and  phase  of  u  and  v  wind  fluc¬ 
tuations  for  the  wind  blowing  directly  along  the  row  of 
masts.  This  geometric  configuration  permits  one  to  test 
Taylor’s  hypothesis,  which  is  often  used  to  shift  between 
time  and  space  without  considering  the  respective  scales. 
For  this  highly  convective  case,  the  coherence  diagrams 
confirm  that  20-min  fluctuations  become  significantly 
coherent  at  10.1 -km  spacing.  The  linear  phase  variation 
as  a  function  of  frequency  may  reveal  some  advection 
of  structures.  The  corresponding  speed  was  estimated 
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to  be  24  m/s,  twice  the  wind  speed  at  measuring  level, 
and  is  about  the  wind  speed  measured  by  a  radiosonde 
tor  convective  clouds  1  to  3  km  high. 

For  wave  modeling  and  prediction,  these  results  imply 
that  wind  estimates  will  be  improved  by  time  averages 
that  are  at  least  20  min  long.  One  must  also  account  for 
the  variability  at  time  scales  of  about  I  h.  Analysis  of 
the  meteorology  can  provide  the  necessary  information 
to  decide  which  kind  of  vvind  spectrum  should  be  used 
and  how  to  model  the  associated  variability.  For  scien¬ 
tific  applications,  the  proper  averaging  time  can  be  de¬ 
termined  after  the  fact  from  continuous  recorded  data. 

THE  SPATIAL  EQUIVALENCE  OF 
POINT  MEASUREMENTS 

By  definition,  a  discontinuity  prevents  a  spatial  aver¬ 
age  from  being  physically  meaningful;  no  one  expects 
a  wind  vector  point  measurement  on  one  side  of  a  front 
to  be  representative  of  the  other  side.  Nevertheless,  sea- 
state  modelers  and  forecasters  must  decide  what  confi¬ 
dence  limits  to  apply  to  point  measurements  so  that  the 
data  are  representative  of  some  geographic  area.  This 
problem  is  especially  relevant  for  the  calibration  and  vali¬ 
dation  of  the  ERS-i  scatterometer,  scheduled  to  be 
launched  soon.  Typical  scale  sizes  of  interest  are  on  the 
order  of  the  scatterometer  elementary  footprint,  about 
25  km  on  a  side. 

During  the  Toscane  2  campaign,  conducted  during  the 
winter  of  1987-88,  a  network  of  three  wind-instrumented 
buoys  was  moored  in  the  Atlantic  in  an  isosceles  right 
triangle  (area  1)  with  two  sides  of  25  km.  An  additional 
measuring  station  was  implemented  on  the  island  of  Sein 
to  extend  one  side  of  the  network  to  50  km,  such  that 
the  larger  isosceles  triangle  (area  2)  had  two  sides  of 
35  km. " 

By  using  the  wind  time  series  from  that  network,  a 
method  for  defining  an  average  spatial  wind  vector  is 
being  developed.  One  promising  approach  is  to  use  vec¬ 
tor  empirical  orthogonal  functions  that  describe  the  com¬ 
mon  relative  variability  observed  simultaneously  at  the 
borders  of  the  area  defined  by  the  measuring  points.  The 
assumption  is  that  this  common  variability  affects  the 
whole  area.  The  analysis  is  performed  jointly  on  the 
components  of  the  wind  vector  at  each  measurement  lo¬ 
cation.  A  time  series  of  the  spatially  averaged  wind  vec¬ 
tor  is  then  computed.  At  each  measurement  location, 
the  residual  time  series  can  be  defined  as  the  difference 
between  the  spatial  average  and  the  initial  time  series. 
This  method  requires  carefully  controlled  and  calibrat¬ 
ed  wind  speed  data  but  allows  for  wind  direction  off¬ 
sets  accounted  for  as  a  relative  phase  shift.  In  the  data 
set  analyzed,  the  maximum  wind  speed  difference  at  any 
of  the  three  buoys  over  the  entire  30-day  experiment  was 
20  cm/s,  with  a  .standard  deviation  of  5  cm/s.  Figures 
5A  and  5C  show,  respectively,  the  20-min-averaged  wind 
speed  and  the  direction  of  the  initial  time  series  at  one 
location;  the  corresponding  time  series  of  the  residuals 
are  shown  in  Figures  5B  and  5D. 

Results  indicate  that  the  estimated  spatial  average  per¬ 
formed  over  a  625-km'  area  recovers  most  of  the  ki- 
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Figure  5,  Twenty-minute-average  time  series  of  the  wind  vec¬ 
tor  at  one  location  of  the  Toscane  2  network  and  related  wind 
vector  residuals  between  the  spatial  average  and  the  point  mea¬ 
surement.  A,  Wind  speed.  B.  Wind  speed  residual.  C.  Wind  direc¬ 
tion.  D.  Wind  direction  residual. 


netic  energy  from  several  weeks  down  to  50  min.  Figures 
6A  and  6B  present  the  standard  deviations  of  wind  speed 
and  direction  residuals  at  one  buoy  location  as  a  func¬ 
tion  of  the  averaging  time  of  the  initial  time  series  from 
1  to  60  min.  For  the  observed  meteorological  situations 
over  area  1 ,  after  deleting  transient  events  such  as  pass¬ 
ing  fronts  and  winds  less  than  1.5  m/s  (since  local  ther¬ 
mal  effects  destroy  the  meaning  of  a  spatial  average), 
the  standard  deviation  of  wind  speed  at  buoy  level  tends 
to  a  limit  of  about  0.6  m/s,  and  for  wind  direction, 
about  7°.  The  middle  curve  of  Figure  6A  is  also  for  area 
1  but  is  computed  at  a  height  of  10  m.  The  upper  curve 
is  obtained  by  using  both  the  buoy  array  and  the  mast 
data  and  corresponds  to  area  2.  To  merge  the  two  data 
sets  at  the  same  reference  altitude,  we  used  a  logarith¬ 
mic  boundary  layer  for  the  mean  wind  profile,  correct¬ 
ed  for  stability.  For  a  given  averaging  time,  differences 
in  standard  deviation  within  area  1  are  the  result  of  w  ind 
increasing  with  altitude,  whereas  the  increase  in  standard 
deviation  from  area  1  to  area  2  at  the  same  height  is 
simply  the  result  of  doubling  the  area. 

For  a  given  area,  the  lower  limit  of  the  residual  vari¬ 
ance  can  be  interpreted  as  the  minimum  fluctuation  ener¬ 
gy  introduced  by  both  the  measuring  equipment  and  the 
geophysical  wind  variability  (at  the  mea.suring  level  and 
for  the  wind  conditions  experienced).  For  a  given  aver- 
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Figure  6.  Standard  deviation  of  the  residual,  at  the  same  lo¬ 
cation  of  the  Toscane  2  network,  as  a  function  of  averaging  time. 
A.  Wind  speed.  B.  Wind  direction.  Note  the  increases  in  the  stan¬ 
dard  deviation  of  the  wind  speed  residual  as  either  the  refer¬ 
ence  altitude  or  the  averaging  area  increases. 


aging  time,  assuming  independence  between  the  instru¬ 
ment  and  geophysical  noise,  the  energy  difference  pro¬ 
vides  an  estimate  of  the  additional  spatial  variability  at 
a  given  time  scale. 

CONCLUSIONS 

We  have  shown  that  the  mean  wind  vector  fluctuates 
on  time  scales  usually  recommended  to  define  the  mean. 
The  level  of  these  fluctuations  varies  with  meteorologi¬ 
cal  conditions.  Excessively  short  averaging  times  (about 


10  min)  will  produce  spurious  estimates  of  the  wind  vec¬ 
tor.  For  sea-state  modeling  and  forecasting,  it  seems  ad¬ 
visable  to  use  a  longer  averaging  time  and  to  model  the 
variability  at  shorter  time  scales.  The  estimate  thus  ob¬ 
tained  still  will  not  completely  represent  the  wind  vec¬ 
tor  over  an  area.  Additional  variability  must  be  in¬ 
troduced  to  account  for  spatial  effects.  More  research 
is  needed  to  further  quantify  and  model  the  real  wind 
field  variability. 
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ON  THE  DIRECTIONAL  BEHAVIOR  OF  THE 
EQUILIBRIUM  WAVE  NUMBER  SPECTRUM: 
IMPLICATIONS  FOR  THE  EQUILIBRIUM  FREQUENCY 
SPECTRUM 


On  the  basis  of  observed  wave  number  and  frequency  spectra  for  fetch-limited  growth  of  wind  was  es, 
an  equilibrium  gravity  range  form  is  proposed  for  the  slice  through  the  directional  wave  number  spec¬ 
trum  in  the  dominant  wave  direction.  In  conjunction  with  a  model  for  the  directional  spreading,  the 
calculated  frequency  and  wave  number  spectra  agree  well  with  observations,  thus  offering  a  plausible 
explanation  for  the  underlying  physics  governing  various  ranges  of  the  frequency  spectrum. 


INTRODUCTION 

Ocean  wind  waves  have  been  traditionally  described 
by  their  spatial  and  temporal  spectra  (see  the  boxed  in¬ 
sert  for  key  definitions).  Wave  height  frequency  and 
wave  number  spectra  have  been  experimentally  observed, 
and  various  equilibrium  spectral  subranges  have  been 
proposed  for  these  spectra  at  frequencies  above  the  spec¬ 
tral  peak.  Agreement  between  observations  and  the  most 
recently  proposed  equilibrium  range  spectral  forms  for 
gravity  wind  waves  is  incomplete,  however. 

During  the  evolution  of  the  ocean  wave  spectrum  un¬ 
der  wind  forcing,  wave  components  in  statistical  equilibri¬ 
um  are  those  whose  net  growth  rate  is  very  slow  compared 
with  the  time  scales  associated  with  the  internal  source 
terms,  such  as  wind  input,  nonlinear  wave  interactions, 
and  dissipation.  This  separation  of  time  scales  underlies 
the  concept  of  equilibrium  spectral  subranges  (see  Ref. 
1 ,  section  2).  The  quest  for  a  physical  model  of  a  gravity 
equilibrium  subrange  for  deep  water  waves  was  initiated 
by  Phillips,^  who  proposed  that  the  amplitudes  of  spec¬ 
tral  components  above  the  spectral  peak  were  hard-limited 
by  wave  breaking,  independent  of  the  wind  strength, 
fetch,  or  duration.  This  hypothesis  led  to  the  well-known 
03  '  power  law  for  the  equilibrium  gravity  subrange  of 
the  frequency  spectrum 

F(co)  =  ag’o)  ■  ,  (1) 

where  o3  is  the  frequency,  g  is  the  gravitational  accelera¬ 
tion,  and  a  is  a  universal  constant.  Shortly  thereafter, 
Hasselmann’  -  presented  the  theoretical  basis  for  weak¬ 
ly  nonlinear  wave-wave  interactions  in  the  wave  spec¬ 
trum.  Support  for  the  importance  of  this  mechanism  in 
shaping  the  wave  spectrum  has  strengthened  with  the  in¬ 
creasing  availability  of  reliable  data  on  wind  wave  evo¬ 
lution  and  the  as.sociated  wind  input  source  function. 

Equation  1  has  proven  inadequate  in  accounting  for 
observed  frequency  spectra.  In  particular,  a  has  been 
found  to  decrease  with  fetch  and  the  frequency  depen¬ 


dence  to  be  closer  to  w  Also,  the  spectral  level 
coefficient  a  shows  an  unexplained  variability  between 
investigators  (see,  e.g..  Ref.  1,  section  3).  These  dis¬ 
crepancies  have  motivated  recent  revisions  of  the  Phil¬ 
lips  equilibrium  range  model,*  notably  those  proposed 
by  Kiiaigorodskii'’  and  by  Phillips. '  Tne  'after  predict¬ 
ed  frequency  spectra  of  the  form 


/"(«)  =  Sgu.o,  ^  ,  (2) 

where  is  a  universal  constant  and  u,  is  the  wind  fric¬ 
tion  velocity.  Also  predicted  were  one-dimensional  and 
two-dimensional  wave  number  spectra  of  the  form, 
respectively, 

==  u,g  k,  ■  -  (/  =  1,  2)  (3a) 

and 

^^(k,e)^u,g  -G(0)  ,  (3b) 

where  k  =  {k^.  As)  is  the  wave  number  vector  with 
magnitude  k  and  polar  angle  6,  and  G(6)  is  a  directional 
spreading  function. 

The  envisaged  spectral  range  of  applicability  was  for 
gravity  wave  components  with  much  shoner  wavelengths 
than  the  spectral  peak  waves.  Kitaigorodskii*^’  also 
predicted  Equation  2  up  to  wU/g  =  0(4)  (on  the  order 
of  4),  transitioning  to  Equation  1  for  higher  frequen¬ 
cies  (U  is  the  wind  speed  at  a  reference  height,  related 
to  M,  by  a  drag  coefficient). 

A  growing  body  of  observed  frequency  spectra  ap¬ 
parently  supports  Equation  2  (e.g.,  see  Donelan  et  al.  ), 
although  cases  of  anomalous  spectral  behavior  have  been 
reported.  For  example,  hurricane  wave  observations^ 
have  shown  supportive  w  behavior  out  to  0(3u)p), 
but  then  a  transition  to  a,'  '  just  above  that  range  (oj,, 
represents  the  frequency  at  the  spectra!  peak).  At  higher 


M.  L.  Bonner 


KEY  SPECTRAL  RELATIONSHIPS 

Following  Phillips*  (section  4.1),  the  wave  spectrum  for 
a  homogeneous,  stationary  wave  field  is  defined  as 

X{k,o>)  =  (2x)-'  J  ^  j /)(/•, /) 

X  exp[-/(A  r  -  a;/)]  dr  dt  , 

where 


(Ar,  t)  =  ^x,  +  r,  la  +  t)  is  the  covariance  of  the 

surface  displacement  (t-*.  0. 
r  is  the  spatial  separation  vector, 

/  is  the  time  separation, 

k  =  (ki,  /fj)  =  (k,  0)  is  the  wave  number  vector, 
and  01  is  the  frequency. 

Th^erm  X(*,  oi)  has  the  property  that  j  (  X(*,  oi)  dk  dw 
=  the  mean  squared  wave  height,  and  represents  the 
mean  distribution  of  wave  energy  with  wave  number  mag¬ 
nitude  k  =  1*1  and  frequency  w  propagating  in  the  direc¬ 
tion  6.  Various  reduced  spectra  defined  below  are  theo¬ 
retically  or  observationally  important  in  the  context  of  this 
article. 

1.  The  directional  wave  number  spectrum 
4>{*)  =  2  X{k,  03)  doi 

is  the  actual  wave  number  directional  distribution  of  wave 
energy  propagation. 


frequencies,  reliable  measurements  from  several  inves¬ 
tigators  have  shown  a  range  of  frequency  power  law  de¬ 
pendencies  from  -  5  to  -  3.3  (see  references  in  Banner 
et  al.’).  Doppler  shifting  effects  have  long  been  at¬ 
tributed  to  ambient  and  wind  drift  currents,  as  well  as 
to  orbital  motions  of  the  longer  wave  components.  These 
effects  can  significantly  influence  the  frequency  spec¬ 
trum,  particularly  the  higher  frequency  components 
whose  intrinsic  phase  speeds  are  lower. The  extent  to 
which  these  effects  influence  measured  frequency  spec¬ 
tra  and  the  correspondence  of  each  effect  to  the  pro¬ 
posed  equilibrium  spectral  form  (Eq.  2)  are  examined 
in  detail  in  this  article. 

The  directional  wave  number  spectrum  4>(*)  is  not 
subject  to  Doppler  distortion  effects,  so  it  offers  an  alter¬ 
native  way  to  examine  equilibrium  spectral  forms  and 
their  range  of  applicability.  Wave  number  determinations 
typically  involve  greater  observational  complexity,  result¬ 
ing  in  a  data  set  much  more  modest  than  that  for  fre¬ 
quency  spectra.  The  discrepancies  between  observed 
wave  number  spectra  and  current  equilibrium  range  pre¬ 
dictions,  however,  necessitate  a  more  careful  examination 
of  the  underlying  physical  processes  that  determine  the 
shapes  of  reduced  spectra.  That  issue  is  addressed  here 
via  an  analysis  of  a  proposed  wave  spectral  model  in  the 
wave  number  domain,  developed  on  the  basis  of  ob¬ 
served  wave  number  and  frequency  spectra  for  fetch- 
limited  wind  wave  growth  situations.  Calculations  based 


2.  The  wave  number  spectrum 

4>,(ft)  =  I  X(*,  u!)doi 

is  the  folded  (symmetric)  wave  number  spectrum,  and 
4>,(A)  =  0.5  ['!>(*)  +  ‘f>(-*)].  4>,(*)  arises  from  frozen 
spatial  image  analysis  and  does  not  contain  wave  propaga¬ 
tion  information,  thereby  partitioning  the  wave  energy 
equally  into  components  180°  apart. 

3.  The  one-dimensional  (transverse)  spectra  are 

<Hki)  =  \  <t(*,,*;)rfC 

J  ~eo 

and 

Mki)  =  <t>(*,,  k.Jdk,  . 

J  ^  00 

4.  The  directional  frequency  spectrum  is 

G(u,  8)  =  2  I  X(*.  o>)kdk  . 

Jo 

5.  The  (nondirectional)  frequency  spectrum  is 

f(oi)  =  I  G(oi,d)d0  . 

•Phillips,  O.  M..  The  Dynamics  of  the  Upper  Ocean,  Cambridge 
University  Press,  N.Y,  (1977). 


on  this  model  reveal  the  underly'ng  structure  and  domi¬ 
nant  influences  that  appear  to  shape  observed  frequency 
spectra  and  hence  provide  more  detailed  insight  into 
equilibrium  range  behavior. 

FORMULATION  OF  A  WAVE  NUMBER 
SPECTRAL  MODEL 

From  an  analysis  of  published  directional  wave  num¬ 
ber  slope  spectra  (Ref.  11,  run  36/1),  derived  one-dimen¬ 
sional  wave-height  wave  number  spectra  in  the  dominant 
wave  direction  (*,)  and  orthogonal  direction  (ki) 
.shown  in  Figure  1  reveal  the  strong  directional  anisotropy 
of  the  wave  energy  near  the  spectral  peak.  Also  seen  is 
the  subsequent  tendency  to  merge  at  higher  wave  num¬ 
bers  of  0(5*p)  (Atp  =  peak  wave  number)  and  to 
follow  a  k  "  dependence,  with  «  =  3.  One-dimensional 
spectra  for  fetch-limited  growth  reported  by  other  in¬ 
vestigators^'’-'^  are  also  shown  in  Figure  1;  they  indi¬ 
cate  good  agreement  with  k  ’  power  law  dependence 
over  a  wide  range  of  wave  numbers.  The  spectral  level 
appears  to  depend  only  weakly  on  wind  speed,  but  avail¬ 
able  data  are  inconclusive.  Also,  for  the  Jackson  et  ai. 
run  36/1  data,"  some  attenuation  may  have  occurred 
due  to  a  wind  shift  several  hours  earlier.  The  correspond¬ 
ing  equilibrium  range  model  prediction  (Eq.  3a)  of 
u,k  '  -  does  not  appear  to  agree  with  the  observed 
wave  number  dependence.  And,  according  to  the  high 
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Figure  1.  One-dimensional  wave  number  spectra  o(/(,)  in  the 
wind  direction  for  fetch-limited  wind  wave  growth  conditions. 
The  background  asymptote  shown  has  a  slope  of  kf  3.  (This 
and  subsequent  figures  in  this  article  reprinted,  with  permis¬ 
sion,  from  Banner,  M.  L,  "Equiiibrium  Spectra  of  Wind  Waves,” 
J.  Phys.  Oceanogr.  20,  ^-984:  ©  1990  by  American  Meteoro¬ 
logical  Society.) 


wave  number  observations  of  Banner  et  al.,’  the  ob¬ 
served  dependence  on  the  wind  speed  in  and 
is  significantly  weaker  than  linear  in  the  observed 
spectral  range  embracing  0(1  m)  wavelengths. 

Again,  the  one-dimensional  wave  number  spectra  sug¬ 
gest  the  potential  importance  of  directional  effects  near 
the  spectral  peak.  Further  insight  is  provided  by  the 
directional  wave  number  spectrum  i(k,  6),  which  de¬ 
scribes  the  distribution  of  wave  energy  propagation  with 
respect  to  wave  number  magnitude  k  and  direction  8. 
Observed  wave  number  spectra,  if  determined  from  fro¬ 
zen  spatial  images  (such  as  those  found  in  stereophoto- 
grammetric  methods,  e.g..  Ref.  14),  have  an  inherent 
180“  ambiguity,  which  can  be  unfolded  (as  discussed 
subsequently)  using  a  directional  spreading  function 
£K6',  k),  defined  here  by 

D(8‘,  k)  =  <i>{k,  e)mk,  ,  (4) 


Several  empirical  forms  have  been  proposed  for  D(8\  k) 
based  on  the  distribution 


Die-,  k)  =  cos“'P  --  ,  (5) 

where  the  spreading  exponent  s  depends  on  k/k^  and 
Lf/Cp  (Cp  is  the  phase  speed  of  the  spectral  peak  waves). 
In  a  recent,  comprehensive  study  of  fetch-limited  wind 
wave  growth,  Donelan  et  al.  ’  proposed  a  variation  of 
Equation  5  based  on 

0(8-,  k)  =  sech-[/3((5l  -  0,,,^,)]  ,  (6) 

where  j3  =  (3(k/k^)  controls  the  rate  of  spreading  with 
distance  from  the  spectral  peak.  The  geometric  differ¬ 
ences  between  the  two  distributions  in  Equations  5  and 
6  are  small.  More  significantly,  Donelan  et  al.  found  that 
using  the  half-power  points  to  fit  the  observed  angular 
distribution  suppressed  a  dependence  on  U/Cp  in  the 
spreading  function,  while  fitting  the  full  angular  distribu¬ 
tion  (including  the  noisy  tail  region)  retained  a  U/c^  de¬ 
pendence.  Those  investigators  advocated  the  former  as 
less  influenced  by  tail  noise;  on  that  basis,  their  form 
for  D(8;  k),  which  depends  only  on  k/k^,  is  adopted 
tentatively  as  the  “standard.”  The  form  of  13(8;  k)  they 
proposed  was  Equation  6,  with  )3  =  12^(k/kp)  for 
0.97  <  k/kp  <  2.56.  For  k/k^  >  2.56,  we  propose 
here  that 

jS  =  IQ  -0.4- D.SWIAvAp) 

which  extrapolates  the  spreading  parameter  to  higher 
wave  numbers.  This  form  simply  matches  the  ordinate 
and  slope  at  the  transition  k/k^  =  2.56  and  provides 
a  proposed  spreading  cutoff  at  high  wave  numbers  (see 
Banner''  for  a  detailed  discussion).  This  form  is  also 
consistent  with  other  very  recent  observations  (M.  A. 
Donelan,  private  communication,  June  1989).  Other 
0(8-,  k)  correlations  were  also  considered  by  Banner'- 
to  assess  the  relative  sensitivity  of  the  findings.  The  stan¬ 
dard  form  for  D{8-,  k)  adopted  here  is  shown  in  Figure  2. 

Extraction  of  a  form  for  the  slice  in  the  dominant 
wave  direction  4>(A',  Oma,)  ftom  available,  observed 
wave  number  spectra  for  fetch-limited  growth  has  been 
carried  out  using  the  form  of  0(8-,  k)  proposed  by  Done¬ 
lan  et  al.’  On  the  basis  of  that  extraction,  we  propose 
here  that 

<1>(A,  =  «[f//Cp]  A  ^  .  (7) 


where  is  the  dominant  wave  direction.  This  form 
of  D(8-,  A)  does  not  have  the  customary  unity  polar  in¬ 
tegral,  being  constrained  only  by 

T  nCO 

\  4>(A,  8„,^)Di8-,  k)k  dk  d8  =  f  , 

-It  Jo 

the  mean  squared  wave  height.  Although  this  form  for 
D(8-,  A)  and  the  customary  angular  spreading  function 
(not  suited  to  the  present  analysis)  have  different  relative 
magnitudes,  their  directional  dependence  is  the  same. 


where  a  ~  0.45  x  10  We  have  assumed  an  intrinsic 
wind  speed  dependence  to  be  a  function  of  the  wave  age 
Cp/(/,  consistent  with  the  frequency  spectral  depen¬ 
dence  on  wind  speed  found  in  Ref.  7.  A  fuller  account 
of  the  extraction  of  4>(A,  8)  from  the  available  wave  num¬ 
ber  data  is  given  in  Ref.  15.  Observational  support  for 
Equation  7  is  shown  in  Figure  3,  which  presents  data 
on  <i>(A,  0n,ax)  weighted  by  A“  and  (U/Cp)  from  var¬ 
ious  studies.  The  tails  of  the  individual  data  sets  are 
noisy,  but  the  quieter  regions  conform  reasonably  well 
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Figure  2.  Polar  plot  of  the  directional  spreading  function^ 
D(6\  k),  given  by  Equation  6.  shown  for  seven  values  of  kikp. 
Axes  represent  linear  wave  number  values  normalized  to  1.0  in 
the  direction  of  maximum  response  ^^ax- 


-d 


Wave  number,  k  (cycles/m) 


Figure  3.  Slice  in  the  dominant  wave  direction  6^3,  through 
the  directional  wave  number  spectrum  <!>(*,  e^ax).  weighted  by 
k*  and  [L//Cp]  “  for  fetch-limited  wind  wave  growth.  The  hori¬ 
zontal  asymptote  shown  has  a  spectral  level  of  0.45  x  10“'*. 


with  the  proposed  form  of  Equation  7,  although  further 
supportive  data  are  clearly  desirable. 

The  proposed  directional  wave  number  spectral  model 
from  Equation  4  with  Equations  6  and  7  is  then 

Mk,  e)  =  0.45  X  10  "  [V/c^-  k  ^  D{e\  k)  ,  (8) 


corresponding  closely  to  the  form  proposed  by  Donelan 
and  Pierson, '''  which  was  in  turn  based  on  the  findings 
of  Donelan  et  al.’ 

MODEL  CALCULATIONS 

In  what  follows,  we  use  Equation  8  to  calculate  fre¬ 
quency  spectra,  primarily  to  reveal  the  underlying  in¬ 
fluences  shaping  different  parts  of  the  spectra  and  for 
comparison  with  present  equilibrium  range  predictions. 
Peak  enhancement  effects  that  influence  the  spectral 
shape  near  the  spectral  peak'  have  not  been  included 
explicitly  here,  but  their  impact  on  the  spectrum  at  higher 
frequencies  is  considered.  Also,  the  linear  dispersion  re¬ 
lation  for  gravity  water  waves  has  been  assumed 
throughout. 

The  frequency  spectrum  is  related  to  ^{k,  d)  by 
f(w)  =  2g  J  [k^-^(k,e)dd],:  j , 

=  0.9  X  10  VlC/Cpl  uj  ■ 

from  which  the  departure  from  oi  ■  behavior  is  predict¬ 
ed  only  where  the  spreading  function  strongly  depends 
on  k  (or  u>),  as  suggested  in  Ref.  7.  In  Figure  2,  this  re¬ 
gion  is  largely  confined  to  the  spectral  subrange  below 
k/kp  =  0(25),  or  w/wp  =  0(5),  which  is  where  we  ex¬ 
pect  to  see  the  influence  of  D(6;  k).  Results  for  a  domi¬ 
nant  wave  number  of  0.022  cycle  per  meter  (5.4-s  waves) 
and  a  wind  speed  of  1 1 .2  m/s  under  fetch-limited  growth 
(U/Cp  *  1.3)  are  shown  in  Figure  4.  Also  shown  are 
results  for  doubling  and  halving  the  wind  speed  (both 
at  a  fixed  fetch),  with  peak  wave  numbers  of  0.0104  cy¬ 
cle/m  with  U/Cp  a  1.8  and  0.0465  cycle/m  with  U/Cp 
=  1.0,  respectively.  Results  are  based  on  the  empirical 
nondimensional  fetch-limited  relationships  proposed  by 
Donelan  et  al.^  for  the  fetch  dependence  of  the  peak 
frequency. 

The  calculated  F(w)  shows  a  dependence  close  to  w  ^ 
below  w/a>p  =  0(3)  and  a  transition  to  w  depen¬ 
dence  for  higher  w/wp.  At  given  frequencies  below 
w/wp  =  0(3),  the  apparent  wind  speed  dependence  at 
a  fixed  fetch  is  nearly  linear.  Similar  calculations  have 
been  performed  using  alternative  formulations  of  D(ff\  k) 
(e.g..  Ref.  18),  which  incorporate  a  spreading  function 
dependence  on  both  U/Cp  and  k/kp .  These  calculations 
result  in  slightly  stronger  wind  speed  dependences  but 
still  reproduce  a  frequency  dependence  close  to  a.'  ^ 
near  the  spectral  peak. 

Above  w/wp  =  0(3),  the  calculated  spectra  become 
asymptotic  to  w  '  dependence  with  a  very  low  appar¬ 
ent  wind  speed  dependence.  As  noted  above,  however, 
Doppler  shifting  can  be  important,  so  its  effects  must 
be  considered  before  placing  too  much  credence  on  the 
calculated  spectra. 

Banner''  undertook  an  analysis  using  the  a.ssumed 
model  for  4>(k,  6)  to  asse.ss  the  typical  influence  on  the 
frequency  spectrum  of  Doppler  shifting  effects  from  (1) 
local  advection  by  the  orbital  motions  associated  with 
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Figure  4.  Calculated  frequency  spectra  based  on  the  proposed 
wave  number  spectral  form  of  Equation  7  for  the  directional 
spreading  function  0(9;  k)  shown  in  Figure  2.  The  central  solid 
curve  is  for  a  reference  spectral  peak  wave  number  of  0.022 
cycle/m  and  a  reference  wind  speed  of  11.2  m/s.  The  upper  and 
lower  solid  curves  are  for  peak  wave  numbers  of  0.014  and 
0.0465  cycle/m,  respectively,  corresponding  to  doubling  and  halv¬ 
ing  the  wind  speed  under  fetch-limited  conditions. 


the  dominant  waves  and  (2)  incremental  wind  drift  cur¬ 
rent  effects.  Calculations  were  performed  using  a  two- 
scale  approximation  model  based  on  the  modulation  the¬ 
ory  described  by  Phillips.  An  exact  Stokes  wave  mod¬ 
el  for  the  dominant  wave  and  a  wind  drift  modulation 
model  were  assumed,  neglecting  local  refraction  effects 
(estimated  to  be  of  secondary  importance).  The  results 
of  the  calculations  for  cj/wp  >  3  and  different  domi¬ 
nant  wave  slopes  AK  (or,  equivalently,  peak  enhance¬ 
ment)  are  shown  in  Figure  5.  Results  indicate  that  the 
effect  of  Doppler  shifting  from  the  specified  sources  is 
unimportant  near  the  spectral  peak,  but  significantly  in¬ 
fluences  the  frequency  dependence  in  the  tail  of  the  fre¬ 
quency  spectrum.  The  incremental  effect  of  a  very  sub¬ 
stantial  wind  drift  level  of  O.OSCp ,  equivalent  to  a  wind 
speed  of  »  30  m/s  for  7-s  waves,  appears  to  be  second¬ 
ary  for  tycical  sea  states  (A/C  ~  0,1),  although  it  be¬ 
comes  increasingly  more  important  toward  higher 
frequencies  for  lower  dominant  wave  slopes. 

Ambient  ocean  currents  can  also  induce  changes  in 
the  observed  frequency  spectrum.  Donelan  et  al.^ 
.showed  that  typical  ocean  current  levels  had  minimal  ef¬ 
fect  on  the  shape  of  the  frequency  spectrum  near  the 
spectral  peak.  Calculations  of  this  influence  at  higher 
frequencies  are  reported  elsewhere. ’’ 

The  composite  form  shown  in  Figure  5  should  agree 
closely  with  frequency  spectra  observed  for  fetch-limited 
growth  conditions,  given  the  wave  number  and  slope  AK 


Figure  5.  Effect  of  tne  slope  AK  of  the  spectral  peak  on  the 
fail  of  the  frequency  spectrum  over  3  <  os/wp  <  30  for  the  in¬ 
dicated  slopes  AK:  dotted  lines,  spectral  peak  orbital  motions 
alone;  solid  lines,  spectral  peak  oibital  motions  and  wind  drift 
of  O.OSCp,  representing  a  wind  speed  of  about  30  m/s  for  7-s 
waves  (u  is  in  rad/s).  Also  shown  for  1.3  <  u/wp  <  3,  in  non- 
dimensional  form,  is  the  computed  u.'*'’  dependence,  with  n 
a  4.  The  nonequilibrium  peak  enhancement  region  below  odtep 
a  1.3  is  indicated  by  dashes. 


of  the  spectral  peak,  together  with  the  wind  speed.  In¬ 
deed,  this  agreement  has  been  verified  for  several  exam¬ 
ples,  one  of  which  is  shown  in  Figure  6  (others  are  re¬ 
ported  in  detail  in  Ref.  15). 

In  addition,  transitional  behavior  near  w/wp  «  0(3) 
obtained  from  the  model  calculations  explains  the  fre¬ 
quency  dependences  described  previously.  For  example, 
Figure  5  shows,  for  the  dominant  wave  slopes  [AK  = 
0.08]  typical  of  those  data,  an  w  ^  dependence  near  the 
spectral  peak,  transitioning  to  oj  ",  with  n  =  4.75  for 
oj/wp  >  0(3).  These  dependences  agree  well  with  For- 
ristaii’s  observations.** 

Calculations  of  one-dimensional  spectra  for  typical 
ocean  wave  and  wind  speed  conditions  are  described  by 
Banner,'-  who  found  that  both  near  the  spectral  peak 
and  toward  higher  wave  numbers,  calculated  (f)(A:, ) 
spectra  agreed  well  with  a  k  ^  behavior.  The  calculated 
wind  speed  dependence  was  found  to  be  weaker  than 
linear,  and,  toward  higher  wave  numbers,  calculated 
<5(^/1)  and  (i)(/ri)  had  similar  dependences. 

DISCUSSION  AND  IMPLICATIONS 
OF  RESULTS 

Near  the  spectral  peak  (1.3  <  w/tOp  <  3),  the  direc¬ 
tional  anisotropy  of  the  wave  energy  significantly  influ¬ 
ences  the  forms  of  the  frequency  and  the  one-dimensional 
wave  number  spectra.  In  addition,  the  assumed  depen- 
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Jt,’rk6  on  V  %c  aiic  in  Iqujtion  '  pla>^  a  role  in  veiling 
!he  vpeeiral  le\civ  The  one  Uimenvional  wave  nurnK’r 
v(xvual  revuhv  arc  not  ci'-.vivieni  jti'i  aNwe  the  vpeeiral 
peak  A  A  <  I'At'J)  with  the  lortn  of  Iquaiion  3a  pre 
Jieted  bv  prevent  equilihrtuni  theoncv;  t>nh  iheobvened 
and  the  eaLulated  exA  t  vpeetra  have  verv  diflereni 
tonr.v  tr^'rn  t:xA  )  in  tho  vuhrange.  and  each  diflerv 
from  f  quation  ?a  At  higher  wave  luimberv.  eaieulatct! 
one  dimenvumal  wave  number  vpeetra  in  the  dominant 
wave  direeiion  eontorm  elovelv  to 

o<A  I  (lb  ■  10  ‘  (t  ‘  1  A  (10) 

f  he  nuxlci  rcvultv  agtev  with  the  available  observational 
data  shown  m  f  igure  1.  '  Ihiiv,  even  at  higher  wave 
numbers,  the  eakulated  one-dirnenvional  spectra  do  not 
appear  to  conform  clovel>  to  tquation  3a. 

In  the  frequenev  domain  the  mcxlcl  can  expiatn  several 
baviv  aspects  of  observed  frequenev  spectra.  Near  the 
specirai  peak,  the  dependence  on  x  '  (with  rt  a  4)  and 
the  near-linear  wind  speed  dependence  observed  for  1 .3 
«  .i,  3  arise  from  the  strong  dircxtional  anisotro 

pv  near  the  spectra!  peak  through  its  vafiatimi  with 
A  A.  Also  contributing  to  the  vanaiton  i!  spectral  level 
IS  the  assumed  It  ic  )  dejx’ndencc.  for  which  U  t  = 
ixii  {  '  )  '  t\  heing  the  fei^ht  according  to  Donelan 

el  a!  At  a  fixed  fetch,  under  tetch-limited  growth  con 
ditions,  these  two  eftccts  priHiuce  in  the  energv -contain¬ 
ing  range  an  apparent  near-linear  dependence  on  the 


wind  sjved  \t  ,1  given  iclvii.  tiowcvei.  a  dsHil’lirig  si! 
the  wind  vjseed  o  vucoinpaiued  bv  ,iu  uictcasc  ifi  t  aiid 
■111  iiuiease  oi  onlv  aKuit  2lt®u  in  tlie  vjxvtia!  ieve!,  inosi 
ot  tile  viui;  ill  tills  level  aiises  tioin  tiic  latc  at  wiiKii 
/H»:  A)  ^iuingcs  witii  A  A  .  .o  tfie  vjKcStai  fxak  iiuivcv 
Ulldei  tfle  avlHU!  v't  tile  liurcavcd  winu  s(X'cd  1  Ills  siu!! 
IS  ,.oiitfvi!!cx!  Lugeiv  hv  noiiiineat  wave  w.tvc  infer  actions, 
rather  tfian  ttiuii  a  diiect  ftvjvoiise  to  sixMtaliv  lixal 
svimi  indiKcd  wave  gtowth  lowatd  higficr  tiequcii 
vies.  atHive  ...-  _  *  (M^i,  tile  cticsi  ot  vaivuig  diicc 

iiiMiaiilv  bect'iiies  sccoiidaiv,  and  iX'pplei  viutting 
vau'cd  bv  the  oibiial  velixitv  oi  tiic  doiniuaiu  wave  sig 
nilKanilv  intluences  the  sha|X‘  ot  the  liequciicv  spec 
truiT'..  detXT.ding  on  itie  doiniuani  wave  siojx-  -lA  This 
can  appreciablv  distort  fiie  itequenev  stxvtium.  incxiitv- 
iiig  It  Irom  the  _  dc|X-tHlence  it  would  have  m  the 
absence  s>i  the  Ifopplei  shitimg  eflecis  Since  these  in 
iliietices  are  ritu  included  in  f  quatioti  2,  that  cquatioti 
is  not.  111  general,  coiisisteni  with  iibservcd  tiequenev 
'Pevtra  tor  this  sjx-cira!  subrange  I  he  wind  dnlt  also 
plavs  a  lole  at  higiiei  Itequencies  and  wiien  .-lA  is  Itvw 

I  inaliv.  the  model  describc'd  iieie  allows  a  mote  dc 
tailed  exaniinatK'n  ol  the  Uvaiion  and  extent  of  the  sub 
range  o!  the  equilibrium  giaviiv  wave  spectra,  f  igure  2 
sliows  ifiat  the  re.c’ion  ('A2)  <  A  A.  <  ('A‘3i  has  a  high 
directn'iial  anisvvtropv  As  tfie  s|xv!ral  ix^ak  evolvc’s  with 
tetch.  the  energv  Hux  c,  V'l>  at  a  fixed  wave  numixT 
changes;  thus,  tins  region  is  not  strictiv  in  equilibrium 
(e,  is  the  group  velixiiv).  A  detailed  analysis  given  else-- 
where  '  indicates  that  these  comixmenis  are  nearlv  sta- 
iionatv  in  tite 't. ,,  dirtviion  f  or  wave  number  comjx)- 
nenis  oblique  to  tt.,  „  ,  however,  equilibrium  condiiiori' 
are  not  well  satisfied,  f  or  higher  wave  numbers,  that  ss. 
A  Av  >  f3(2l))  and  witliin  the  gravity  range,  the  rate  of 
change  of  0(«;  A)  with  A  Ac.  dcxrcases  markedly,  and 
ihi'  region  conforms  most  closely  to  the  requirements 
ot  an  equilibrium  range.  The  proposed  wave  number 
spectral  form  (f'q.  X).  however,  docs  not  conform  to 
I  quation  3.  an  issue  that  is  taken  up  elsewhere.  ' 

f  hese  foregoing  aspexts  of  the  behavior  of  wave  s[iec- 
ira  above  the  spcvtral  peak  must  be  considered  m  the 
tuture  development  of  equilibrium  range  speciral  models- 
-Mso.  questions  reman)  concerning  then  applicability  to 
mine  genera!  wind  sea  situations. 

(  ONC  l.L  SIONS 

f  )n  the  basis  of  the  cxpiilihnum  range  model  presented 
here,  the  follovsmg  conclusions  arc  drawn: 

1.  C  lose  agreement  with  observations  is  found,  both 
in  the  wave  number  and  frequency  domains. 

2.  Ihe  spectral  form  predictions  of  currenf  physical 
trnxicls  of  the  equilibrium  gravity  wave  range  arc  not 
in  close  agreement  with  observations  or  with  the  predic¬ 
tions  of  the  model  proposed  here. 

3.  f  he  proposed  model  offers  a  plausible  basis  for 
understanding  the  observed  structure  of  frequency  spec¬ 
tra.  I  hat  IS,  a  dominant  innucnce  of  directional  spread¬ 
ing  IS  seen  near  the  spectral  peak,  while  at  higher  fre¬ 
quencies.  Doppler  advection  by  the  orbital  motions  of 
the  dominant  waves  exerts  the  major  innucnce. 
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4.  Thus,  the  model  calculations  contribute  toward  a 
refinement  of  existing  physical  mcxiels  that  underlie  pres¬ 
ent  equilibrium  range  models  for  the  ocean  grasity  wind- 
wave  spectrum. 
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ON  NONLINEAR  WAVE  GROUPS  AND  CONSEQUENCES 
FOR  SPECTRAL  EVOLUTION 


We  review  the  theory  of  nonlinear  four-wave  interaction  of  a  homogeneous,  random  wave  field,  with 
emphasis  on  the  range  of  validity  of  the  Hasselmann  equation.  For  the  slow  time  evolution  of  the  wave 
field  on  a  coarse  spatial  grid,  the  Hasselmann  approach  is  adequate,  but  for  the  detailed  evolution  of 
the  wave  field  on  a  fine  mesh  grid  (on  the  order  of  1-5  km),  inhomogeneities  in  the  wave  field  should 
be  taken  into  account,  resulting  in  a  different  energy  balance  equation. 


INTRODUCTION 

Since  the  fundamental  investigations  of  Phillips'  and 
Hasselmann,*  investigators  have  shown  considerable  in¬ 
terest  in  the  energy  transfer  due  to  four-wave  interac¬ 
tions  of  a  homogeneous,  random  sea.^'*  The  effect  of 
nonlinccir  interactions  is  twofold.  First,  four-wave  inter¬ 
actions  are  controlling  the  shape  of  the  high-frequency 
part  of  the  spectrum,  and  second,  they  give  rise  to  a  cc.i- 
siderable  shift  of  the  peak  of  the  spectrum  to  lower  fre¬ 
quencies.  The  discrete  interaction  approximation  to  four- 
wave  interactions  has  been  successfully  implemented  by 
the  Wave  Model  Development  and  Implementation 
(wamdd  group*  in  the  third-generation  wave  prediction 
model,  called  the  w'a.m  model. 

In  this  article,  we  discuss  the  range  of  validity  of  the 
statistical  theory  of  four-wave  interactions  of  a  homo¬ 
geneous  wave  field. ^  The  resulting  nonlinear  energy 
transfer  occurs  on  the  time  scale  =  l/6‘'wo>  since 
the  rate  of  change  in  time  of  the  action  density  N  is 
proportional  to  N^.  Here,  «  is  a  typical  wave  steepness, 
and  Wo  is  a  typical  frequency  of  the  wave  field,  e.g.,  the 
peak  frequency.  The  theory  is  valid  only  for  weakly  non¬ 
linear  waves  (e  «  1)  because  of  the  assumption  of  (near¬ 
ly)  Gaussian  statistics.  An  additional  restriction  of  the 
nonlinear  theory  of  a  homogeneous  wave  field  is  that 
the  corresponding  frequency  spectrum  is  broad  enough; 
that  is,  the  spectral  width  a  should  satisfy  the  inequality 
a  >  ewo .  This  last  condition  can  be  understood  only  in 
the  framework  of  the  inhomogeneous  theory  of  four- 
wave  interactions. 

The  Hasselmann  theory  of  four-wave  interactions 
gives  an  adequate  description  of  the  slow  time  (and 
space)  evolution  of  a  random,  homogeneous  wave  field. 
On  a  short  time  or  spatial  scale,  another  description  of 
the  wave  field  is  more  appropriate.  And  indeed,  a  much 
faster  energy  transfer  is  possible  in  the  presence  of  spatial 
inhomogeneities.  For  an  inhomogp”'“ous,  random  sea, 
Alber  and  Saffman'  and  Alber  derived  an  equation 
describing  the  evolution  of  a  narrowband  wave  train. 
Finally,  Crawford  et  al.,'^  following  Zakharov’s  ap¬ 
proach,"’  obtained  a  unified  equation  for  the  evolution 
of  a  random  field  of  deep  water  waves,  which  accounts 


for  both  the  effects  of  spatial  inhomogeneities  and  the 
energy  transfer  associated  with  the  homogeneous  spec¬ 
trum.  From  this  analysis,  it  became  apparent  that  in¬ 
homogeneities  gave  rise  to  a  much  faster  energy  transfer, 
Tsi  =  l/e^w,),  comparable  with  the  typical  time  scale 
of  the  Benjamin-Feir  instability. 

Alber  and  Saffman'  found  the  important  result  that 
inhomogeneities  in  a  homogeneous  wave  field  were  gen¬ 
erated  by  an  instability  (which  is  the  random  version  of 
the  Benjamin-Feir  instability),  if  the  width  of  the  fre¬ 
quency  spectrum  is  sufficiently  small.  For  a  spectrum 
with  Gaussian  shape,  instability  was  found  if  a  <  two, 
where  wq  is  the  peak  frequency.  In  the  limit  of  vanish¬ 
ing  width,  the  deterministic  results  of  Benjamin  and 
Feir"  on  the  instability  of  a  uniform  wave  train  were 
rediscovered.  Clearly,  finite  bandwidth  is  stabilizing.  The 
stability  criterion  (a  >  two)  tells  us  that  the  growth  rate 
of  the  Benjamin-Feir  instability  vanishes  as  the  correla¬ 
tion  time  of  the  random  wave  field  (about  \/a)  is  reduced 
to  the  order  of  the  characteristic  time  scale  for  modula- 
tional  instability  of  the  wave  system  (about  27r/w,„„, 
where  at  ^^,3,  one  has  maximum  growth  for  a  —  0). 
Thus,  decorrelation  of  the  phases  of  the  wave  leads  to 
stabilization  of  the  wave  train  on  the  short  time  scale 
T'nl  =  l/r^wo,  and  nonlinear  transfer  of  energy  is  then 
possible  only  on  the  much  longer  time  scale 
T^ji  =  l/e‘‘w(|. 

The  result  of  Alber  and  Saffman  has  the  following 
implications:  (1)  for  sufficiently  broad  spectra 
(o  >  €W(,),  only  Hasselmann’s  four- wave  interactions 
are  relevant;  (2)  spectra  derived  from  a  sufficiently  long 
time  series  should  have  a  width  larger  than  two ,  because 
for  smaller  spectral  width  the  spectrum  would  be  unsta¬ 
ble;  and  (3)  since  the  spectral  width  exceeds  a  minimum 
value,  the  average  length  of  a  wave  group  </>  must  be 
smaller  than  some  maximum.  For  a  steepness  r  =  0.1. 
theory  tells  us  that  </>„,a,  -  2. 

Regarding  the  applicability  of  the  statistical  theory  of 
four-wave  interactions  of  a  homogeneous  wave  field  to 
wave  prediction  modeling,  we  therefore  conclude  the  fol¬ 
lowing:  On  the  short  time  scale  T  =  a  fast 
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energy  transfer  is  possible  in  the  presence  of  spatial  in¬ 
homogeneities  (i.e.,  wave  groups),  if  the  spectrum  is 
sufficiently  narrow.  Because  of  this  energy  transfer  from 
the  main  peak  of  the  spectrum  to  the  side  bands,  how¬ 
ever,  the  spectrum  broadens  until  the  random  version 
of  the  Benjamin-Feir  instability  is  quenched. Non¬ 
linear  energy  transfer  is  then  possible  only  on  the  much 
longer  time  scale  T^i  =  l/e‘'wo.  in  accordance  with 
Hasselmann’s  theory  of  four-wave  interactions.  This 
means  that  for  (global)  applications  with  a  coarse  reso¬ 
lution  (Ax  >  10  km),  the  Hasselmann  equation  gives 
an  adequate  description  of  the  evolution  of  a  random 
wave  field.  For  fine-mesh  applications  (Ax  <  5  km), 
however,  the  effect  of  inhomogeneities  on  nonlinear 
energy  transfer  should  be  taken  into  account. 


By  choosing  appropriate  canonical  variables,  Zak¬ 
harov,'"  Brocr, and  Miles'^  independently  found  that 
E  may  be  used  as  a  Hamiltonian.  The  proper  canonical 
variables  are 


rj  and  t)  =  <p(x,  z  =  rj<  0  ■  (5) 


The  boundary  conditions  at  the  surface  are  then 
equivalent  to  Hamilton’s  equations, 

dr)  oE  34,  6E 

T  =  Ti  ’  ^  ~  A  • 

dl  64  dt  bi) 


THE  ZAKHAROV  EQUATION 

In  this  section,  we  describe  the  derivation  of  the  de¬ 
terministic  evolution  equation  for  surface  gravity  waves 
in  deep  water  from  the  Hamiltonian  for  water  waves. 

Consider  the  potential  flow  of  an  ideal  fluid  of  infi¬ 
nite  depth.  'We  choose  coordinates  such  that  the  undis¬ 
turbed  surface  of  the  fluid  coincides  with  the  x-y  plane. 
The  z-axis  is  pointed  upward,  and  the  acceleration  of 
gravity  is  pointed  in  the  negative  ^-direction.  Let  t)  be 
the  shape  of  the  surface  of  the  fluid,  and  let  <t>  be  the 
potential  of  the  fiow.  The  flow  is  then  described  by- 
Laplace’s  equation, 


where  6E/d4  is  the  functional  derivative  of  E  with  re¬ 
spect  to  4- 

Equation  6  has  certain  advantages.  If  one  is  able  to 
solve  the  potential  problem 

d-6 

Acs  -t-  —  =  0 
dz- 


with  boundary  conditions 

4{x,  Z  =  r))  =  4  (7) 


A(t) 


(1) 


d(i>(x,z) 

dz 


0.  Z  —  -  00  , 


with  two  conditions  at  the  surface  z  -  r), 

dr)  d 

—  -f  V0  ■  Vt;  =  —  0  , 

d{  dz 

d<t>  1  ,  I  /  d4>  \‘ 

J,  *  2  2  (aj)  = 

where  g  is  the  acceleration  due  to  gravity,  and  a  condi¬ 
tion  at  z  —  -  00 


thereby  expressing  4  in  terms  of  the  canonical  variables 
tj  and  4>  then  the  energy  E  may  be  evaluated  in  terms 
of  r)  and  4<  and  the  evolution  of  v  and  4  follows  at  once 
from  Hamilton’s  equations  (Eq.  6).  Zakharov'"  ob¬ 
tained  the  deterministic  evolution  equations  for  water 
waves  by  solving  the  potential  problem  (Eq.  7)  in  an  iter¬ 
ative  fashion  for  small  steepness  e.  Substitution  of  this 
series  solution  into  Equation  4  results  in  the  following 
expansion  of  the  total  energy  E: 


d(b  E  =  ("El  +  f’£,  -t-  (*Ei  -t-  O(e')  .  (8) 

—  =  0  .  (3) 

dz 


Of  course,  nonlinearity  enters  our  problem  through  the 
boundary  conditions  at  the  surface  z  -  v- 
Equations  1  through  3  conserve  the  total  energy  E  of 
the  fluid,  where 


n  1..  (I) 

1  r  , 

■f  -  g|  r  dx  . 


(4) 


Retaining  only  the  second-order  term  of  £  corresponds 
to  the  linear  theory  of  surface  gravity  waves,  the  third- 
order  term  corresponds  to  three-wave  interactions,  and 
the  fourth-order  term  corresponds  to  four-wave  inter¬ 
actions.  Since  three-wave  interactions  are  absent  for 
deep-water  gravity  waves,  one  has  to  go  to  fourth  order 
in  c  to  obtain  a  meaningful  description  of  the  wave  field. 
Also,  in  the  absence  of  three-wave  interactions,  a  sepa¬ 
ration  between  free  and  bound  waves  is  possible.  By  us¬ 
ing  this  distinction,  the  amplitude  A{k,  t)  of  the  free- 
wave  part  of  the  wave  field  satisfies  the  so-called  Zak¬ 
harov  equation, 


47 


P.  .-t.  E.  .VI  Janssen 


~y4j  +  —  —  ij 

X  6{Ai  +  A,  —  A,  -  k:i)AXA^Ai  dk-,  dk^  dk^  . 

(9) 


Here,  an  asterisk  denotes  the  complex  conjugate,  5  is 
the  Dirac  delta  function,  and  we  introduced  the  nota¬ 
tion  I  =  /1(A, ),  where  A|  is  the  wave  number  vector; 
the  dispersion  relation  is  given  by 


W|  =  vgiAil  .  (10) 


Finally,  /4,  is  related  to  the  action  density,  since 

£,  =  I  coMi’  c/A  .  (11) 

The  interaction  coefficient  T^2yJ,  was  obtained  by 
Zakharov"’  and  Crawford  et  al.’’.  The  properties  of  the 
Zakharov  equation  (Eq.  9)  have  been  studied  in  great 
detail  by,  for  example,  Crawford  et  al.‘-  (for  an  over¬ 
view,  see  Yuen  and  Lake'*).  For  example,  the  non¬ 
linear  dispersion  relation,  first  obtained  by  Stokes,'’ 
follows  from  Equation  9.  Also,  the  instability  of  a  weak¬ 
ly  nonlinear,  uniform  wave  train  (the  so-called  Benja- 
min-Feir  instability)  is  well  described  by  the  Zakharov 
equation;  the  results  on  growth  rates,  for  example,  are 
qualitatively  in  good  agreement  with  the  exact  results  of 
Longuet-Higgins. '** 

The  Zakharov  equation  is  therefore  a  good  starting 
point  to  study  the  properties  of  a  random  wave  field. 

EVOLUTION  OF  A  HOMOGENEOUS 
RANDOM  WAVE  FIELD 

The  Zakharov  equation  (Eq.  9)  predicts  amplitude  and 
phase  of  the  waves.  For  a  practical  application  such  as 
ocean  wave  prediction,  the  detailed  information  regard¬ 
ing  the  phase  of  the  waves  is  not  really  needed.  One  can 
content  oneself  then  with  knowledge  about  averaged 
quantities  such  as  the  moments. 


(A,  >,</!,  Aj),  etc.  ,  (12) 


where  the  angle  brackets  denote  an  ensemble  average. 

In  this  section,  we  sketch  the  derivation  of  the  evolu¬ 
tion  equation  for  the  second-order  moment  (A, /I,) 
(assuming  a  zero  mean  value,  <A,>  =  0)  from  the 
Zakharov  equation  (Eq.  9).  It  is  known,  however,  that 
because  of  nonlinearity,  the  evolution  of  the  .second  mo¬ 
ment  is  determined  by  the  fourth  moment,  and  so  on, 
resulting  in  an  infinite  hierarchy  of  equations.  To  obtain 
a  meaningful  truncation  of  this  hierarchy,  we  as.sume 
that  the  probability  distribution  for  A,  is  close  to  a 


Gaussian  distribution.  1  his  assumption  is  reasonable  for 
weakly  nonlinear  waves  with  small  steepness « .  In  addi¬ 
tion,  we  assume  in  this  section  that  the  ensemble  of 
waves  is  spatially  homogeneous.  Let  us  discuss  these  as¬ 
sumptions  in  more  detail  first. 

A  wave  field  is  considered  to  be  homogetieous  if  the 
two-point  correlation  function  <>;  (.v, )  rj  (a.)  )  depends 
only  on  the  distance  v,  -  .v, ,  and  not  on  the  aserage 
coordinate  .v  =  (.v,  +  .X;)/2.  Here,  ij  is  the  surface  ele¬ 
vation  that  is  related  to  the  action  density  variable  A  ac¬ 
cording  to 

rj  =  2*^  J  (  -^  )  lA{k)e'"  +  A’ {k)e  "\dk  . 
where  d  =  k  •  x  . 

It  is  now  straightforward  to  verify  that  one  deals  with 
a  homogeneous  wave  field  if  the  ensemble  average 
</t,Ap  satisfies 

(A, AX)  A,6(A|  -A-)  ,  (13) 

where  N,  is  the  spectral  action  density.  Thus,  W]  Aj 
denotes  the  spectral  energy  density.  Equation  13  will  have 
important  consequences,  as  will  be  discussed  at  the  end 
of  this  section. 

To  truncate  the  infinite  hierarchy  of  moment  equa¬ 
tions,  one  has  to  express,  in  an  approximate  sense,  the 
higher-order  moments  in  terms  of  lower-order  moments. 
In  general,  for  a  zero-mean  stochastic  variable,  /I, ,  the 
following  relation  between  the  moments  can  be  obtained; 

</!*>  =  0;  {Af^Aj)  =  fij,  ;  ; 

{Ai,AjAiA,„)  ~  -r  B^iB^,,,  -f  B^„.Bji 

-t-  ,  etc.  (14) 

Here,  B,  C,  and  O  are  called  cumulanis  of  the  distri¬ 
bution  function.  Now,  for  a  Gaussian  probability  dis¬ 
tribution  with  zero  mean,  all  the  cumulanis  except  B^^ 
vanish.  The  finiteness  of  the  other  cumulants  is  there¬ 
fore  a  measure  of  the  deviation  from  Gaassian  behavior. 
If,  however,  C  and  D  are  small  (because  of  small  wave 
steepness),  the  higher-order  moments  may  be  expressed 
in  the  second-order  moment  so  that  closure  of  the  (in¬ 
finite)  hierarchy  of  moment  equations  may  be  achieved. 

In  the  statistical  theory  of  the  evolution  of  a  wave 
field,  the  Gaussian  di.stribution,  therefore,  plays  a  cen¬ 
tral  role.  This  follows  from  the  central  limit  theorem  that 
tells  us  that  if  the  /1^’s  have  random  and  independent 
pha,se,  the  probability  distribution  is  Gaussian.  Suppose 
now  that  initially  we  are  dealing  with  a  wave  field  with 
random  uncorrelated  phases.  If  the  waves  are  noninter¬ 
acting,  the  phases  remain  uncorreiated.  Nonlinear  inter- 
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actions,  however,  will  tend  to  create  correlations  (higher 
cumulants),  but  if  the  waves  have  a  small  steepness,  this 
effect  may  be  weak.  Hence,  for  weakly  nonlinear  waves, 
one  may  e.xpect  that  the  wave  field  is  near-Gaussian,  so 
that  the  rate  of  change  of  the  wave  spectrum  (or  second 
moment)  is  e.xpected  to  be  small;  for  large  times,  how¬ 
ever,  this  small  effect  may  have  significant  consequences 
regarding  the  evolution  of  the  wave  spectrum. 

Let  us  now  sketch  the  derivation  of  the  evolution 
equation  for  the  second  moment  {A, A*)  from  the  de¬ 
terministic  evolution  (Eq.  9).  To  that  end,  we  multiply 
Equation  9  for  A,  by  /!,*,  add  the  comple.x  conjugate 
with  /  and  J  interchanged,  and  take  the  ensemble  average: 

d 

—  <A,A;)  -t-  i(w,  -  i^^)<A,A;)  = 
af 

—  iT„  f6(2-)-3  +  4  —  /) 


X  i<A2A,a:a;)  -  c.c.o  -  7)1 

X  dki  dk^  dk^  ,  (15) 


where  C.C.  denotes  complex  conjugate,  and  i  —  j 
denotes  the  operation  of  interchanging  indices  i  and  j 
in  the  previous  term.  For  simplicity,  we  took  the  con¬ 
stant  value  To  for  the  interaction  coefficient  7'i2J4  • 
Because  of  nonlinearity,  the  equation  for  the  second 
moment  involves  the  fourth  moment.  Similarly,  the 
equation  for  the  fourth  moment  involves  the  sixth  mo¬ 
ment.  It  becomes 

^  1 

—  -I-  i(«,  -k  w;  -  w*  -  <jj/)J  {AiAjAl'Af)  = 

-iroj  [5  (2  -f  3  -  4  -  i){A2AiA:AjAtA;) 

+  (/  -  7)  -  6(2  -f-  3  -  4  -  k){AlA*iA^A,AjAn 

+  (k  "  /)]  dki  dkj  dki  .  (16) 


Perhaps  surprisingly,  invoking  the  random-phase  ap¬ 
proximation  (Eq.  14)  on  Equation  15,  combined  with 
the  assumption  of  a  homogeneous  wave  field,  results  in 
constancy  of  the  second  moment  {AjA*).  Hence,  we 
have  to  go  to  higher  order;  that  is,  we  have  to  deter¬ 
mine  the  fourth  moment  through  Equation  16. 

Application  of  the  random  phase  approximation  on 
the  sixth  moment  and  solving  Equation  16  for  the  founh 
moment  result  eventually  in  the  Hasselmann  equation 
for  four-wave  interactions, 

jN,  +  47r  J 


X  6  ( 2  -f  3  —  4  —  1 )  6  ( a.';  w  s  —  ii-'j  —  u,'  1  ) 

X  ITGA',  (.V,  +  ,\, ) 

-  .\jA4(N.  -t-  /V,  )1  dks  dk,  dk^  .  (17) 

Details  of  this  derivation  may  be  found  in  Hasselmann,' 
Davidson,'"'  and  Janssen.'" 

From  Equation  17  one  immediately  infers  a  typical 
time  scale  Ts\  for  nonlinear  four-wave  interactions  in 
a  homogeneous  wave  field.  With  t  a  typical  wave  steep¬ 
ness  and  u!,,  a  typical  frequencs'  of  the  wa\e  field,  we 
find  Fs,  =  Oli'f'w,,). 

We  emphasize  that  Equation  17  gi\es  an  adequate 
description  of  nonlinear  interactions  in  a  homogeneous 
wave  field  if  the  wave  steepness  is  sufficiently  small  so 
that  the  near-Gaussian  assumption  is  satisfied.  Another 
restriction  requires  that  the  wave  spectrum  be  sufficiently 
broad  so  that  effects  of  inhomogeneity  of  the  wave  field 
may  be  disregarded.  We  discuss  this  last  restriction  in 
more  detail  in  the  next  section  by  studying  nonlinear  in¬ 
teractions  of  an  inhomogeneous  wave  field. 

EVOLUTION  OF  AN  INHOMOGENEOUS 
RANDOM  WAVE  FIELD 

To  investigate  the  effect  of  inhomogeneities  on  the 
nonlinear  energy  transfer  of  weakly  nonlinear  water 
waves,  w'e  consider  the  special  case  of  a  narrowband 
wave  train,  which  is  described  by  the  nonlinear 
Schrodinger  equation.  For  weakly  nonlinear  waves,  the 
surface  elevation  is  given  by 

jj  =  Rejfl(.Y,  /)exp[i(/roA-  -  wot)]|  ,  (18) 

where  wo  and  A'o  are  the  angular  frequency  and  the 
wave  number  of  the  carrier  wave,  respectively,  which 
obey  the  deep-water  dispersion  relation  uo  =  (gA,,)  \ 
and  a(x,  1)  is  the  slowly  varying  envelope  of  the  wave. 
The  evolution  of  the  envelope  is  determined  by  the  non¬ 
linear  Schrodinger  equation. 


16“  1  ,  , 

+  |o|  -  ff  =  0  ,  (19) 

2  6a'  2 

where  the  prime  symbols  denote  differentiation  with  re¬ 
spect  to  Aj).  Transforming  to  a  frame  moving  with  the 
group  velocity  oj,',  and  introducing  dimensionless  units 
t  =  Vi  u),)/,  X  =  2A(,.v,  and  a  =  A|,a,  the  equation  for 
d  (which  for  a  uniform  wave  train  is  just  the  wave  steep¬ 
ness  f)  becomes 

d  6' 

i  a  -  a  ~  jui'tf  =  0  ,  (20) 

at  dx 
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where  we  have  dropped  the  tilde.  In  a  statistical  descrip¬ 
tion  of  waves,  one  is  interested  in  the  time  evolution  of 
the  two-point  correlation  function  p(.V| ,  X2 ,  i)  defined 
as 


p{x,  r,  t)  3  <a{Xi,  t)a*{x2,  /)>  ,  (21) 


where  x  is  the  average  coordinate  (Xj  +  .V;  )/2,  r  is  the 
separation  coordinate  x^  -  .V| ,  and  again  the  angle 
brackets  denote  an  ensemble  average.  The  inhomogeneity 
of  the  wave  field  is  expressed  by  the  fact  that  p  is  also 
a  function  of  the  average  coordinate  x.  Invoking  the 
Gaussian  approximation  (i.e.,  Eq.  14  with  D  =  0),  the 
transport  equation  for  p  becomes 


Equation  24  is  the  basic  evolution  equation  of  the  spec¬ 
trum  W  of  a  random  inhomogeneous  wave  field  in  the 
narrow  band  approximation.  The  theory  for  general 
spectral  shape  is  given  in  Crawford.'' 

Alber  and  Saffman  ’  and  Aiber’'  studied  the  stability 
of  a  homogeneous  spectrum  and  found  that  it  is  unsta¬ 
ble  to  long  wavelength  perturbations  if  the  width  of  the 
spectrum  is  sufficiently  small  (random  version  of 
Benjamin-Feir  instability).  To  see  whether  a  homoge¬ 
neous  spectrum  IT,,{p)  is  a  stable  solution  of  Equation 
24,  one  proceeds  in  the  usual  fashion  by  perturbing 
fFo(p)  slightly  according  to 


W  =  (p)  +  W,  (p,  X)  ,  If',  «  If',  ,  (25) 


d  a’ 
i — p  —  2 — p 

dt  dxdr 


-2.[„(x+  ir.o)  -  f,o)] 


In  agreement  with  a  remark  from  the  previous  sec¬ 
tion,  the  evolution  of  a  homogeneous  wave  field  is  not 
interesting  at  this  level  of  description,  since  with  p  ^ 
p(x),  we  have  dp/3f  =  0  from  Equation  22.  Small  devi¬ 
ations  from  Gaussian  behavior  have  to  be  included  to 
obtain  a  nontrivial  evolution  of  a  homogeneous  wave 
field.  The  relevant  time  scale  for  energy  transfer  in  a  ho¬ 
mogeneous  wave  field  is  therefore  T^^lOII/c^wo)-  In 
the  presence  of  spatial  inhomogeneities,  a  much  faster 
energy  transfer  is  possible.  From  Equation  22,  one  then 
finds  Tnl  =  Ofl/r’uo)- 

From  Equation  22  one  obtains  for  the  envelope  spec¬ 
trum  JV,  defined  as 


and  one  considers  perturbations  of  the  type 


ff'i  =  IV,  exp  i(Cv  -  u!/)  .  (26) 


The  eventual  result  of  the  analysis  is  then  a  disper¬ 
sion  relation  between  w  and  k.  Instability  is  found  for 
lm(w)  >  0.  A  symmetrical  spectrum  is  found  to  be  mar¬ 
ginally  stable  if 

f  “  dp  d 

I  +  -  -  H^o(P)  =  0  ,  (27) 

J  -  00  p  dp 

where,  for  definiteness  /?  =  (w  -  Wp)/a,’p,  where  Wp  is 
the  peak  frequency  of  the  spectrum.  For  a  Gaussian 
spectrum, 

(of) )  ^ : 

Wa(p)  =  - ,  (28) 

a  V  27r 


p)  =  1  p(x:,  r)e'P'  dr  , 

27r  J 

the  transport  equation. 


(23)  where  (of,)  is  the  mean  square  significant  steepness 
and  o  is  the  width  of  the  spectrum,  the  condition  for 
marginal  stability  becomes 


a  a  /I 

—  W+2p  —  IT  -f  4  sm  (  - 
dt  dx  \2 


dp  dx'  / 


X  W{x,  p)  fix' ,  0)1,  =  0  , 


where 


(7  -  a,i, 


V  (fif’o  > 


(29) 


where  o„,  is  the  threshold  spectral  width. 

We  conjecture  that  in  nature  one  should  expect  to  find 
wave  spectra  with  a  width  larger  than  <7,^,  because  for 
smaller  widths  the  random  version  of  the  Benjamin-Feir 
instability  would  occur,  resulting  in  a  broadening  of  the 
spectral  shape.  For  a  random  finite-band  wave  train,  this 
broadening  is  an  irreversible  process  because  of  phase 
mixing.'"  This  conclusion  contrasts  with  the  work  of 
Yuen  and  Lake,''’  who  claimed  that  the  effects  of  in¬ 
homogeneity  would  give  rise  only  to  a  reversible  energy- 
transfer.  In  Janssen,"'  the  time  scale  Tp,  of  broadening 
was  estimated  for  a  Joint  North  Sea  Waves  Project  (IOn 
swAi>)  spectrum.  The  result  for  a  young  wind  sea  (  ion 
SWAP  parameters  7  =  3.3,  a,  =0.1,  a  =  0.01)  is 
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Tb,  =  500/ajp  .  (30) 


Other  effects  relevant  for  the  energy  balance  of  wind 
waves  have  a  much  larger  time  scale.  Consider,  for  ex¬ 
ample,  the  increase  in  wave  energy  by  wind.  Using  the 
Bight  of  Abaco  parameterization,’’  the  time  scale  tw 
for  the  increase  in  wave  energy  by  wind  is  given  by 


5000 

Tvv  —  ^ 


UJC  -  1 


(31) 


where  is  the  wind  speed  at  a  height  of  5  m,  and  c 
is  the  phase  speed  of  tlie  gravity  waves.  Clearly,  for  a 
young  wind  sea,  Zb,  is  much  smaller  than  Zw ,  indicating 
that  inhomogeneous  nonlinear  interactions  are  impor¬ 
tant  at  the  peak  of  a  young  wind  sea. 

To  test  our  conjecture,  Janssen  and  Bouws’’  decided 
to  determine  the  width  of  measured  spectra.  To  avoid 
contamination  by  high-frequency  noise,  they  used,  fol¬ 
lowing  Goda,^"*  the  quality  factor, 

Qp  =  — r  1  w£-(aj)  dw  ,  (32) 

where  Wq  is  the  zeroth-order  moment  of  the  spectrum. 
In  terms  of  dimensionless  quantities,  Qp  becomes 

Cp  =  ^  f  (P  +  I)»"o(/»  clp  , 
mb  J 

and  for  the  Gaussian  spectrum  (Eq.  28),  one  finds 


a 


1 
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(33) 


Since  the  significant  wt.c  '-t«>nnp<rc  (aj,)  -  =  k„ino\ 
with  the  peak  wave  number,  and  since  according  to 
Equation  29  a  stable  spectrum  should  have  a  width  a 
>  <flb)  S  we  find  that  Qp  should  obey  the  inequality. 


a 


(34) 


Spectra  with  a  Qp  larger  than  the  right  side  of  Equa¬ 
tion  34  are  unstable  according  to  theory.  Hence,  if  one 
determines  Qp  from  time  series  for  which  the  length  is 
larger  than  Tp,  (Eq.  30),  the  inequality  (Eq.  34)  should 
be  satisfied.  In  Figure  1  we  have  plotted  the  experimen¬ 
tally  determined  quality  factor  Qp  (from  weather  sta¬ 
tion  Ymuiden  in  the  North  Sea)  as  a  function  of  the  sig¬ 
nificant  steepness  kpiriq-,  with  w,,  determined  for  the 
frequency  domain  immediately  around  the  peak;  Equa¬ 
tion  34  is  also  shown.  The  agreement  between  experimen¬ 
tal  data  and  theory  is  good.  Details  regarding  the  selec¬ 
tion  of  the  data,  for  example,  are  in  Ref.  23. 


The  theory  of  weakly  nonlinear  interact  >!is  of  an  in¬ 
homogeneous  random  wind  sea  predicts  that  the  width 
of  a  wind  sea  spectrum  is  larger  than  a  cenain  threshold, 
or  that  the  quality  factor  Qp  is  smaller  than  a  certain 
threshold.  From  a  selection  of  Ymuiden  data,  it  may  be 
inferred  that  the  quality  factor  (taking  the  statistical  scat¬ 
ter  into  account)  is  close,  but  always  below  the  thresh¬ 
old,  a  result  that  has  some  immediate  consequences.  For 
instance,  we  can  make  the  follow'ing  remark  on  wave 
groups.  Ewing’-^  has  shown  that  a  relation  exists  be¬ 
tween  group  length  (/>  and  the  width  of  a  spectrum, 
namely. 


</> 


!  1  -I-  (Up / a) ~ 

k  _  2Tr 


where  k  =  p/mp\  p  is  a  reference  level  (k  =  2  cor¬ 
responds  to  the  significant  wave  height).  Theory'  now  tells 
us  that  the  average  length  of  a  group  has  a  maximum. 
For  the  Ymuiden  data,  </>  is  typically  on  the  order  of  3. 

Another  consequence  is  a  limitation  to  the  validity  of 
Hasselmann’s  evolution  equation  for  four-wave  inter¬ 
actions.  The  wave  spectra  should  be  sufficiently  broad 
(a  >  fco,)),  because  otherwise  strong  inhomogeneous 
nonlinear  energy  transfer  would  occur.  Since  these  inter¬ 
actions  occur  on  a  short  time  scale  (T^t  =  I/e'w'o), 
however,  it  may  be  concluded  that  for  (global)  applica¬ 
tions  with  a  coarse  resolution  (Ax  >  10  km),  the  Hassel- 
mann  equation  (Eq.  17)  gives  an  adequate  description 
of  nonlinear  interaction  of  a  random  wave  field.  On  the 
other  hand,  for  fine-mesh  applications  (Ax  <  5  km), 
effects  of  inhomogeneous  nonlinear  energy  transfer 
.should  be  taken  into  account. 


Ymuiden  data 


Significant  steepness,  kp 


Figure  1.  The  quality  factor  Qp  versus  the  significant  steep¬ 
ness  for  young  wind  waves.  The  solid  line  is  the  threshold  for 
stability  according  to  theory  (Eq,  34). 
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CONCLUSIONS 

We  have  reviewed  the  range  of  validity  of  the  theory 
of  nonlinear  four-wave  interactions  of  a  random  wave 
field.  Two  types  of  nonlinear  interactions  are  found.  On 
the  shon  time  scale  =  O(l/e-a)o),  energy  transfer 
owing  to  spatial  inhomogeneities  occurs,  if  the  width  of 
the  spectrum  is  sufficiently  small.  This  inhomogeneous 
energy  transfer  will  reshape  the  spectrum  so  that  the 
spectral  width  becomes  larger,  thereby  quenching  the 
random  version  of  the  Benjamin-Feir  instability.  Non¬ 
linear  energy  transfer  is  then  possible  only  on  the  much 
longer  time  scale  accordance  with 

the  results  of  Hasselmann.’  In  other  words,  the  Hassel- 
mann  equation  (Eq.  17)  gives  an  adequate  description 
of  weakly  nonlinear  energy  transfer  for  coarse  resolution 
applications  (Aa:  >  10  km). 

If  one  is  interested  in  fine-mesh  applications  (A  jr  < 
5  km),  however,  effects  of  inhomogeneous  nonlinear 
energy  transfer  should  be  taken  into  account.  These  non¬ 
linear  interactions  give  rise  to  a  limitation  of  the  average 
length  of  a  wave  group.  Other  consequences  of  inho¬ 
mogeneous  energy  transfer,  however,  still  have  to  be  ex¬ 
plored. 
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SEAKEEPING  AND  SURFACE  MEASUREMENTS 

IN  WHICH  SURFACE  TECHNIQUES  FOR  ESTIMATING 
THE  DIRECTIONAL  OCEAN  WA  VE  SPECTRUM  ARE 

DESCRIBED  AND  EVALUATED 


SUSAN  L.  BALES 


SOME  COMMENTS  ON  THE  SIGNIFICANCE  OF  LEWEX 
FOR  SHIP  DESIGN  AND  OPERATIONS 


Gross  disagreements  between  measured  and  forecast  spectra  can  oi  n  be  explained  by  small  errors 
in  time  or  location. 


During  a  conversation  about  ocean  waves  and  linear 
superposition  some  years  ago,  a  friend  of  mine  noted  that 
the  sea  cannot  be  measured  by  the  bushel.  During  the 
Labrador  Sea  Extreme  Waves  Experiment  (lewex),  I  was 
convinced  at  times  that  the  sea  could  not  be  measured 
by  any  unit,  instrument,  or  other  means,  regardless  of 
one’s  intention.  Then,  after  a  few  delicate  days  of  high 
sea  states,  just  as  we  reached  our  destination  at  the  two 
LEWRX  measurement  sites,  we  encountered  what  seemed 
to  be  the  lowest  extreme  waves  ever  experienced.  Accord¬ 
ingly,  the  crew  of  HNLMS  Tydeman  renamed  the  exper¬ 
iment  but  kept  the  acronym.  On  the  basis  of  climatology, 
most  of  us  had  predicted  six-  to  ten-meter  sea  states,  but 
only  two-  to  five-meter  seas  were  measured. 

Other  papers  in  this  issue  address  scientific  issues.  But 
from  the  point  of  view  of  ship  design  and  operation,  I 
would  like  to  discuss  future  requirements  regarding  the 
accuracy  of  ocean  wave  measurements.  A  few  years  ago 
at  an  ocean  wave  symposium  at  apl,  I  suggested  that  the 
seafaring  community  requires  wave  measurement  accura¬ 
cies  of  ±0.3  m  in  significant  wave  height  through  sea 
states  4  to  7,  ±  1  s  in  modal  period  over  a  range  of  3 
to  24  s,  and  ±7.5°  in  directional  spreading  in  15° 
increments. 

Those  requirements  were  based  on  the  responsiveness 
of  typical  marine  vehicles  to  the  wave  spectrum.  I  failed 
to  address  two  areas  not  inherent  in  design  work  that 
make  all  the  difference  in  the  world  at  sea,  namely,  time 
and  location.  During  lewex,  we  found  that  the  wave 
forecasts  available  to  us  on  board  the  ship  did  not  have 
adequate  resolution  to  identify  important  temporal  and 
spatial  variations  in  the  ocean.  Two  years  have  passed 
since  I  examined  those  data,  but  I  do  not  recall  reason¬ 
able  agreement  between  prediction  and  reality,  reality 
in  this  case  being  the  human  sensor  on  the  spot.  This 
aspect  of  the  forecasts  is  critical  when  one  is  tryin,r  to 
route  ships,  avoid  damage,  maximize  ship  system  per¬ 
formance,  or  determine  in  real  time  where  to  drop  buoys 
for  an  ocean  experiment  such  as  lewex.  Although  tem¬ 
poral  and  spatial  forecast  errors  are  not  as  critical  for 


land-based  design  studies,  where  omissions  at  one  loca¬ 
tion  or  time  are  picked  up  at  another,  their  significance 
at  sea  is  an  entirely  different  matter. 

From  the  applications  viewpoint,  1  think  the  most  crit¬ 
ical  user  issue  in  ocean  waves,  for  the  next  decade  at 
least,  is  that  of  space  and  time.  I  believe  the  marine  ve¬ 
hicle  design  community  is  nearly  adequately  equipped 
with  operational  databases  and  spectral  models  to  do  its 
job.  Although  most  ships,  certainly  those  in  the  U.S. 
Navy,  are  not  as  structurally  survivable  as  they  once 
were,  they  are  still  adequate.  We  expect  a  certain  amount 
of  damage  and  can  sustain  it. 

A  reliable  forecast  of  the  weather,  including  wind  and 
waves,  can  make  a  tremendous  difference  to  a  ship  at 
.sea,  particularly  in  heavy  seas.  We  can  justify  ocean  wave 
research  merely  because  it  is  good  science.  But  can  we 
continue  to  find  adequate  financial  support  without 
making  a  substantial  contribution  to  national  economic 
or  defense  goals? 

Mathematicians  have  been  experimenting  with  chaos 
theories  for  at  least  a  decade.  They  have  concluded  that 
long-range  weather  forecasting  is  extremely  sensitive  to 
the  initial  conditions.  Although  the  models  may  agree 
well  with  measurement  initially,  a  slight  perturbation 
eventually  makes  a  huge  difference. 

Could  small  errors  in  initial  values  be  our  major  prob¬ 
lem  in  forecasting?  Playing  the  devil’s  advocate  for  a  mo¬ 
ment,  one  could  argue  that  from  the  viewpoint  of  an  in¬ 
dividual  ship,  global  modeling  is  not  very  helpful,  and 
that  in  situ  or  remote  measurements  in  local  areas  are 
more  critical.  Hullborne  radars,  expendable  buoys,  and 
constellations  of  satellites  with  appropriate  down-links  to 
land  and  shore  sites  could  provide  initial  values,  data  for 
climatology  upgrades,  and  localized  ocean  wave  data. 

Lewex  can  help  sort  out  where  we  are,  in  both 
modeling  and  sensor  capabilities,  and  can  provide  us  with 
a  forum  to  continue  the  multidisciplinary  synergism  that 
it  has  fostered.  The  resulting  insights  could  shape  wave 
research  and  applications  for  the  next  decade. 
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THE  CFAV  QUESTS  LEWEX  EXPERIENCE 


The  seakeeping  performance  of  the  Cf  AV  Quest  during  the  Labrador  Sea  Extreme  Waves  Experiment 
demonstrates  the  inadequacy  of  unidirectional  sea-state  descriptions  and,  even  more  important,  demon¬ 
strates  deficiencies  in  the  unidirectional  sea-state  model’s  accepted  successor,  the  unimodal,  two-parameter 
spectrum  with  90°  cos"  spreading.*  A  more  complete,  often  multimodal,  sea-state  description  can  re¬ 
veal  strong,  unexpected  variations  in  ship  response  with  heading,  and  can  result  in  substantially  improved 
ship  operability  assessments. 


INTRODUCTION 

A  Canadian  Forces  Auxiliary  Vessel,  CFAV  Quest, 
was  one  of  two  vessels  participating  in  the  Labrador  Sea 
Extreme  Waves  Experiment  (Lew  ex).  The  Quest  carried 
scientists  and  equipment  from  six  agencies  within  Canada 
and  the  United  States.  Its  work  program  supported  the 
goals  of  two  Research  Study  Groups  (rsgi  and  rsg2)  of 
the  NATO  Defence  Research  Group  Special  Group  of  Ex¬ 
perts  on  Naval  Hydrodynamics  and  Related  Problems 
(SGE[Hydro]),  and  provided  open  ocean  data  for  the 
Labrador  Ice  Margin  Experiment  (LImex  ’87). 

The  Quest  is  a  2200-tonne  twin-screw  diesel-electric 
vessel  that  primarily  supports  underwater  acoustics  re¬ 
search  at  the  Defence  Research  Establishment  Atlantic 
(DREA).  The  ship  is  ice-strengthened  to  allow  summer  sci¬ 
entific  cruises  to  the  Canadian  eastern  Arctic.  Figure  I 
shows  a  view  of  the  Quest;  the  following  are  its  nominal 
particulars: 


Displacement  2200  tonnes 

Length  between  perpendiculars  71.63  m 

Molded  breadth  12.80  m 

Midships  draft  4.82  m 

Installed  shaft  power  2000  kW 

Speed  14.5  kt 


The  Quest  supported  the  lewex  goals  relevant  to  the 
NATO  sc.E(Hydro)  rsgi  Group  on  Full  Scale  Wave  Mea¬ 
surement  and,  coincidentally,  limex  '87  through  environ¬ 
mental  measurements  with  on-board  instruments  or  wave 
buoys.  The  measurements  are  covered  amply  by  other 
LEWEX  articles  in  this  volume  and  will  not  be  discussed 
in  detail  here.  The  Quest,  per  se,  was  of  more  direct  in¬ 
terest  to  the  NATO  SGE(Hydro)  rsg2  Group  on  Sea 
Loads,  Slamming,  and  Green  Seas  Impacts,  who 
planned  to  use  sea  loads  measured  on  both  the  Quest 
and  HNLMS  Tydeman  during  lewex. 

The  R.SG2 group  is  much  .smaller  than  rsgi,  with  par¬ 
ticipation  from  Canada  (orea  and  the  Institute  for  Ma¬ 
rine  Dynamics,  imd),  Germany  (Bundesampt  fur 
Wehrtechnik  und  Beschaffung),  The  Netherlands  (Royal 


'An  angular  spreading  ihat  varies  as  eos-W  aboui  ihe  diuninani  wave 
direction,  that  is,  an  eflective  angular  spread  of  90’. 


Figure  1.  The  CFAV  Quest. 


Netherlands  Navy),  Norway  (Marintek),  Spain  (Canal 
de  Experiencias  Hidrodinamicas,  El  Pardo),  the  United 
Kingdom  (Admiralty  Research  Establishment,  Dunferm¬ 
line),  and  the  United  States  (David  Taylor  Research  Cen¬ 
ter,  dtrc).  In  keeping  with  its  smaller  size,  rsg2’s  work 
was  smaller  in  scope  than  rsgi’s  but,  as  will  be  seen 
later,  proved  to  be  more  difficult  to  complete  because 
of  the  lack  of  extreme  seas  during  t  ewex. 

RSG2  GOALS  AND  PLANS 

The  aim  of  rsg2  was  to  conduct  research  into  slam¬ 
ming  and  green  seas  impact  mechanisms,  to  improve  sur¬ 
face  ship  operability  in  high  sea  states.  Seakeeping  trials 
with  the  Quest  and  Tydeman  were  to  provide  important 
full-scale  data  for  rsg2,  for  comparison  with  model  tests 
and  for  validation  of  theoretical  methods.  The  rsg: 
group  also  planned  or  identified  a  number  of  related 
studies.  For  example,  Canada  and  the  United  Kingdom 
undertook  a  cooperative  two-dimensional  drop  test  pro¬ 
gram  to  assess  scale  effects  on  the  girihwise  bottom  slam 
pressure  distribution,  and  The  Netherlands  indicated  that 
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the  Royal  Netherlands  Navy  full-scale  green  seas  loading 
trials  might  become  available  to  the  group. 

The  RSG2  plan  for  the  Quest  and  Tydeman  was 
straightforward: 

1 .  Perform  individual  and  side-by-side  seakeeping  tri¬ 
als  with  the  Quest  and  Tydeman  during  t.EVSEX. 

2.  Conduct  model  tests  with  the  Quest,  or  perhaps 
with  both  ships,  in  scaled  lewex  directional  seas  in 
Marintek’s  facilities  in  Trondheim,  Norway.  (See  the  ar¬ 
ticle  by  Kjeldsen  in  this  volume.) 

3.  Use  the  trials  and  model  test  results  to  validate  the¬ 
oretical  methods  used  or  under  development  by  the  rsg2 
members. 

INSTRUMENTATION 

During  lewex,  the  Quest  carried  or  deployed  the  sys¬ 
tems  outlined  in  Table  1 .  The  moored  wavebuoys  were 
deployed  in  2700  m  of  water.  These  deep-water  moorings 
were  a  high-risk  element  in  lewex  because  they  were 
“once-only”  evolutions.  The  moorings  had  to  be  manu¬ 
factured,  before  sailing,  for  a  specified  water  depth,  and 
the  design  had  only  a  limited  margin  against  failure  so 
as  to  reduce  the  cost  of  the  lower  parts  of  the  moorings, 
which  would  not  be  recovered. 

The  “drifting”  wavebuoys  typically  were  streamed  to 
windward  of  the  drifting  ship  in  series  on  an  approxi¬ 
mately  1000-m  polypropylene  tether,  which  produced  no 
apparent  interference  with  wavebuoy  motions. 

The  navigation  radar  photos  experiment  was  an  off¬ 
shoot  of  the  author’s  interest  in  deriving  normalized  direc¬ 
tional  wave  spectra  using  navigational  radar  as  a  means 
of  reducing  reliance  on  wavebuoys  during  seakeeping  tri¬ 
als.  All  too  often,  when  conditions  are  ideal  for  seakeep¬ 
ing  trials,  wavebuoys  cannot  be  deployed  from  the  ship. 
Given  the  expected  lewex  wave  spectral  database  for 


Table  1.  Instrumentation  carried  or  deployed  by  the  Quest  dur¬ 
ing  LEWB<. 


Parameter 

System 

Location 

Sponsor 

Sea  state 

Wavec  buoy 

Moored 

MEDS“ 

Sea  state 

Endeco  buoy 

Moored 

DR£A 

Sea  state 

Endeco  buoy 

and  drifting 
Drifting 

DTKC 

Sea  state 

Delft  buoy 

Drifting 

Delft/ 

Sea  state 

Wavecrest  buoy 

Drifting 

DTKC 

IMD 

Sea  state 

Navigation  radar 

On  board 

DREA 

Cunent 

photos 

InterOcean  S-4 

Endeco 

DREA 

Ship 

“Strap-down” 

mooring 

On  board 

DREA 

motions 

Ship 

package 

Humphrey  stable 

On  board 

IMD 

motions 
Sea  loads 

platform 

Pressure 

Bow  flare 

DREA 

Sea  loads 

transducers 

Strain  gauging 

Hull 

DREA 

“Marine  Environmental  Data  Service,  Department  of  Fisheries  and 
Oceans,  Ottawa. 


validation,  it  seemed  appropriate  to  e.xaminc  the  naviga¬ 
tional  radar  technique;  Nordco  Limited  was  contracted 
to  develop  a  photographic  apparatus  corresponding  to 
that  used  by  Young  et  al.'  to  record  radar  sea-clutter  in¬ 
formation. 

A  number  of  sets  of  radar  sea<lutter  photographs  were 
taken  during  i.ewex.  Nordco  subsequently  developed 
analysis  techniques  and  software-  '  so  that  the  radar 
technique  could  be  assessed  in  the  lewex  comparisons 
(see  the  article  by  Ziemer  in  this  volume).  In  ongoing  con¬ 
tracted  research,  Nordco  is  investigating  the  possibility  of 
scaling  the  radar-derived  spectra  to  allow  the  significant 
wave  height  to  be  determined. 

The  current  meter,  an  InterOcean  S-4  electromagnetic 
unit,  also  could  measure  salinity  and  depth.  Its  output, 
together  with  expendable  bathythermograph  records  tak¬ 
en  on  station  and  while  in  transit  between  sites,  was 
primarily  for  the  benefit  of  limex  '87. 

The  Quest\  motions  were  measured  using  two  ship- 
motion  packages.  The  drea’s  own  package  used  strap- 
down  pitch,  roll,  and  yaw  gyros  (both  angle  and  rate) 
as  well  as  a  strap-down  triaxial  accelerometer.  Additional 
accelerometers  were  placed  at  other  locations  on  the  ship. 
The  Institute  for  Marine  Dynamics,  St.  John’s,  New¬ 
foundland  (IMD)  package  measured  similar  parameters 
but  had  a  stabilize  platform  so  that  accelerations  would 
be  measured  relative  to  Earth-fixed,  rather  than  ship- 
fixed,  axes. 

Ten  305-mm-diameter  Metrox  pressure  transducers, 
installed  in  the  starboard  bow  flare  (Fig.  2),  were  of  great 
interest  to  RSG2.  Large-diameter  pressure  transducers  en- 


Figure  2.  Starboard  profile  of  the  Quest  and  arrangement  of 
the  pressure  transducers. 


56 


I  he  (  /II  (^uol  s  /  /  H  I  V  !  Ap,  rn;u  i- 


sured  that  only  distributed  pressures  of  structural  signifi¬ 
cance  were  measured.  More  common  small-diameter 
pressure  transducers  often  detect  extreme,  but  ver>’  local¬ 
ized,  pressures  that  are  of  little  relevance  to  ship  struc¬ 
ture  design. 

Strain  gauges  were  also  installed,  both  adjacent  to  one 
of  the  pressure  transducers  and  on  the  main-deck  lon¬ 
gitudinal  girders  ahead  of  and  abaft  the  superstructure 
(Fig.  2).  The  bow-flare  gauges  were  arranged  to  comple¬ 
ment  the  pressure  transducers,  and  the  deck  longitudinal 
girder  gauges  assessed  the  bow-flare  slamming-induced 
longitudinal  bending. 

SHIP  PERFORMANCE  AND  SEA  LOADS 

Lewex  suffered  from  an  excess  of  good  weather; 
both  the  Tydeman  and  the  Quest  saw  their  worst  weather 
in  transit  to  the  trials  area.  The  Quest  steamed  from 
Halifax  to  St.  John’s  in  heavy  quartering  wind  and  sea, 
with  freezing  spray,  and  on  the  evening  of  7  March  1987, 
while  off  the  Laurentian  Fan,  an  unexpectedly  large  wave 
group  rolled  the  ship  down  to  angles  beyond  the  range 
of  the  bridge  inclinometer  (40°).  Inclinometers  are  nota¬ 
bly  inaccurate,  so  it  is  unfortunate  that  neither  ship- 
motion  package  was  operating  at  the  time. 

The  Tydeman's  arrival  in  St.  John’s  was  delayed  by 
adverse  gales  and  heavy  pack  ice,  so  that  the  Quest  left 
for  the  I.EWE.X  site  without  having  made  a  planned  pre- 
LEWEX  rendezvous  with  the  Tydeman. 

On  her  two  lewex  sites,  the  Quest  saw  maximum  sig¬ 
nificant  wave  heights,  //,,  of  only  4.3  m  and  typical 
significant  wave  heights  of  2.5  to  3.5  m.  Perhaps  with 
the  exception  of  the  4.3-m  sea  state  of  17  March,  these 
conditions  were  inadequate  to  provide  the  sea  loads  an¬ 
ticipated  by  RSC2  and  required  for  full  satisfaction  of  the 
RSo’s  goals. 

The  Quest’s  seakeeping  trials  were  planned  to  concen¬ 
trate  on  the  measurement  of  bow-flare  slamming  pres¬ 
sures,  Using  the  ten  large  pressure  transducers  described 
ea  li.r.  An  unconventional  seakeeping  trial  pattern  was 
selected  in  recognition  of  that  goal.  Rather  than  measur¬ 
ing  responses  at  a  full  range  of  headings  to  the  sea,  a 
four-heading  seakeeping  pattern  was  selected  (Fig.  3). 
Headings  ranged  from  head  to  starboard  beam  seas,  in 
30°  steps  (with  head  .seas  being  180°,  after  the  standard 
naval  architectural  convention).  This  pattern  also  served 
to  make  identification  of  “true”  head  .seas  less  critical. 

Side-by-side  seakeeping  trials  were  conducted  when  the 
Quest  and  Tydeman  were  at  the  same  site  in  lewex, 
with  the  Tydeman  to  starboard  of  the  Quest  so  that  video 
and  cine  records  could  be  made  of  the  relative  motions 
at  the  Quest's  bow. 

One  of  the  most  difficult  on-site  decisions  during  the 
lewex  seakeeping  trials  was  simply  to  determine,  “In 
what  direction  are  head  seas?”  With  multimodal  .sea 
states  often  being  the  norm,  leftover  swell  frequently  was 
more  prominent  than  the  new  wind  sea;  for  consisten¬ 
cy,  wind  direction  and  wind  sea  direction  were  used  to 
select  the  first  course  to  steer.  On  several  occasions,  this 
choice  clearly  proved  to  be  wrong,  as  pitch  angles  and 
deck  wetness  were  more  severe  on  the  supposed  beam 
seas  heading  than  the  initial  one  in  “head”  seas. 
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Figure  3.  The  Quest's  seakeeping  pattern. 


Figune  4.  Variation  of  theoretica,  and  trial  pitch  with  ship  head¬ 
ing,  The  theory  uses  a  unimodal  spectrum  with  90°  spreading. 


Figure  4  illustrates  this  situation  for  the  Quest  by  com¬ 
paring  the  variation  of  pitch  with  heading  with  a  predic¬ 
tion  of  the  expected  trend  using  ship.mcm,''  a  typical 
ship  theory  seakeeping  computer  program.  The  shipmot 
prediction  was  performed  by  using  a  Bretschneider  two- 
parameter  spectrum  with  a  90°  cos"  spreading  function. 
The  character  of  the  trial  results  for  15  and  23  March 
differed  markedly  from  the  strip  theory  trend.  A  simi¬ 
lar  result  might  be  expected  for  roll  motions,  but  clear 
trends  were  obscured  by  the  Quest’s  roll-stabilizing  tank. 

Pressure  data  show  similar  divergence  from  heading 
dependencies  implied  by  an  assumption  of  unimodal  sea 
states.  Selected  pressure  transducer  data  are  shown  in 
Figure  5,  together  with  SHiPMfw  predictions  of  trends  for 
immersions  and  pressures,  (The  theoretica!  pressure  trend 
is,  in  fact,  the  square  of  the  relative  velocity,  which  is 
proportional  to  pressure.)  Trends  for  other  pressure 
transducers  also  diverged  from  unimodal  expectations, 
although  some  pressure  transducer  data  were  corrupted 
by  amplifier  overloading.  A  repeat  bow-flarc  slamming 
trial  was  carried  out  in  higher  sea  states  in  March  1989 
to  seek  further  data  for  RS(i2. 

The  LEWEX  sea  states  were  so  low  that  little  useful 
strain  data  were  obtained,  although  that  could  also  be 
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Figure  5.  in'r-e'SK-if'  ifequenc,  ana  ;j'essure  *0'  a  seiecieo 
Dressu^e  I'ansducef.  together  'Aon  tneoret'cai  pfeoiciions  ot 
trends  *cr  irrirnerSion  and  the  square  o*  relative  velocity  -.Ahich 
■  5  proportional  t'J  pressurei  fo'  a  unirviodal  spectrutn  AOh  9C 

spread!r^g 

attributed  to  the  uvc  ol'  the  (Jiii’s{  ii>cll.  A  viHirt.  deep, 
lec-itreitgihened  ship  eainiot  be'  expected  to  exhibit  hieh 
nuin-eirder  strums  m  other  than  exceptional  conditions. 
On  a  ptisitoc  note,  the  biiys  ilare  strain  itattgc  data 
Acre  Used  in  a  tinite-clcment  xalidating  stud>.  Pegg  ei 
al  applied  mea.sured-presMire  time  series  to  predict  dv 
naniic  strains  in  the  boss -Hare  region  using  the  \  ibra- 
tion  and  Strength  .-XnaKsis  Program."  a  finite-clement 
code  dex eloped  bv  \fartec  1  imited  under  contract  from 
OKI  X.  Ihc  measured  strains  were  used  to  xalidate  the 
linite-eiemcnt  predictions  for  the  same  psiints  higurc  b 
compares  measured  and  finite-element -predicted  strain- 
time  histories. 
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Helofc  examining  the  na\.!l  afchiicvtuiai  ci'iiso-pienccs. 
oi  ihe  (Jucsi''-  I !  wi  X  exjx-nence  in  an\  detail,  it  i'  wonh 
rivalling  the  results  ol  .m  earlier  (Jih's!  sJnp  moiit'iis  inal. 
when  ihe  (J'n"'!  sxas  opetaiing  wiih  lici  roll  siabili/tng 
lank  emptx.  so  that  roll  [x-tiormance  can  lx  meiuded 
III  .in  assessment  iU  sliott  ctesied  sea  efleits, 

Dunne  the  earliet  trial,  a  passing  low-pressure  sysiem 
brought  2l)-  to  -kO  ki  winds,  which  va-red  from  south 
wHiiheasi  through  to  west  Msuth west  ni  32  hours  and  gen 
crated  to  ’'-m  sea  states,  Ihe  sicadih  veenng  winds 
ensured  that  there  x\as  always  a  very  apparent  shon- 
crested  character  to  the  sea.  fable  2  surnmart/cs  some 
sea  stales  and  'hip  motions  during  the  siorm.  Sc-a  siait 
was  IxHh  mctisurcd  by  waxebuoys  and  limdcas:  using  the 
<Kean  Data  Oaihering  Program  hux.i'i  waxe  riunJcl. 

I  arge  roll  angles  m  nominal  head  seas  (expenmenis 
D  and  I  )  arc  pamculatly  nixticeahie  m  fable  2  1!  wc 
combine  this  information  wnh  extx'rimenis  H  and  (  . 
xxliich  xxerc  ct'iiscculixe  beam  and  bxxxx  seas  runs,  it  is 
again  apparcni  that  short -crested  seas  produce  ship  mo¬ 
tions  ih.n  do  noi  \aix  xxith  heading  in  ihe  manner  con 
xcntiomi'ly  assumed.  W’hai  arc  ihe  cotisequeixes ’ 


Table  2.  Summary  ot  Ouesf  motions  from  an  earlior  inai 

Rms  motions 

C  enter  i.xt 

A/,  gravity 

vertical 


Speed 

Heading 

Oix.i' 

Buoys 

Pitch 

Roll 

accelctatKsn 

Pxfyeriment 

(kt) 

to  sea 

tm) 

(no 

(drgl 

(deg) 

(c) 

A 

=  0 

Beam 

4  9 

3  5 

1.93 

1,94-' 

0.I‘M6 

8 

-  5 

!3eam 

6.3 

4.5 

1.88 

5.06 

0,n;-3 

( 

a:  ^ 

Bow 

6.3 

5.(1 

2..3fl 

5.03 

0.065 

D 

a: 

Head 

^ 

'.0 

3.06 

4.80 

0.(Vi6 

t: 

jj.  ■> 

Head 

4.8 

6.5 

2  61 

4  (36 

0,0X7 

■'  Roll  IS  largest 

in  experiment  /\  because  the  xca 

“State  nK3<iai  pcrj<xi 

’.xa's  near 

roil  fcsonancc 
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Many,  if  not  most,  ship  seakeeping  operability  criteria 
are  based  on  motions.  For  example,  let  us  suppose  that 
a  particular  shipboard  operation  must  be  curtailed  \shen 
the  roll  angle  exceeds  4°  rms.  Roll  motions  are  lightly 
damped  and  thus  are  very  sensitive  to  resonance.  If  a 
long-crested  sea  state  is  assumed,  theory  predicts  that 
roll-curtailed  operations  may  be  restored  through  a  sitiv 
ple  change  of  heading.  Even  with  a  more  realistic  sea- 
state  model  using  90°  cos'  spreading,  a  heading  change 
can  often  restore  operability,  albeit  over  a  smaller  range 
of  headings.  If  our  sea-state  model  is  extended  to  a  typi¬ 
cal  lUvvFx  swell-corrupted  directional  spectrum,  the 
heading  sensitivity  of  motion  response  may  be  signifi¬ 
cantly  modified.  At  times,  ojx'rability  may  be  curtailed 
at  nearly  all  headings  after  only  a  small  further  increase 
in  sea  state.  Figure  7  illustrates  the  effect  of  sea-state 
modeling  on  a  5200-tonne  frigate  steaming  at  20  kt  in 
sea  state  7,  with  a  6-m  significant  wave  height,  and  sub¬ 
ject  to  a  4“  rms  roll  angle  limit  on  a  shipboard  operation. 

An  ad  hoc  group  of  five  sea-state  models  was  chosen 
for  this  example: 

1.  A  Bret.schneider  spectrum,  with  a  12.4-s  modal 
period  and  no  spreading. 

2.  Same  as  (1),  but  with  a  90°  cos'  spreading 
function. 

3.  With  (2)  as  the  primary  sea,  and  with  (1)  as  the 
secotidary,  at  45°  to  the  primary  direction  and  with  a 
primary-to-secondary  energy  ratio  of  2:1,  to  represent 
conditions  during  the  nearby  passage  of  a  low-pressure 
system. 

4.  Same  as  (3),  but  with  the  secondary  sea  90°  from 
the  primary  direction  and  a  primary-to-secondary  ener¬ 
gy  ratio  of  3: 1 ,  to  represent  the  effects  of  a  distant  weath¬ 
er  system, 

5.  Same  as  (3),  but  with  the  secondary  sea  135°  from 
the  primary  direction  and  a  primary-to-secondary  ener¬ 
gy  ratio  of  4:1,  again  to  represent  the  effects  of  a  dis¬ 
tant  weather  system. 

In  reality,  these  models  might  be  more  representative 
if  the  total  energy  in  models  (4)  and  (5)  were  increased 
over  that  of  the  6-m  sea  state  by  the  amount  in  the  sec¬ 
ondary  sea  but  the  significant  wave  height  were  held  con¬ 
stant  to  reduce  the  number  of  variables.  Table  3  sum¬ 
marizes  the  results  as  a  range  of  inoperable  headings  for 
both  4°  and  3°  roll  criteria  and  as  range  of  rms  roll  an¬ 
gle  from  best  to  worst  heading.  The  3°  criterion  was  add¬ 
ed  because  operability  limits  are  rarely  "hard”  in  practice. 
This  is  particularly  relevant  to  model  4,  where  cither  a 
small  increase  in  wave  height  or  a  small  decrease  in  the 
acceptability  criterion  would  significantly  reduce  opera¬ 
bility.  The  range  of  roll  angle  between  best  and  worst 
heading  is  so  small  for  model  4  that  degradation  of  oper¬ 
ability  will  be  very  rapid  with  only  a  small  sea-state  in¬ 
crease,  with  little  opportunity  for  compensatory  heading 
change.  This  insensitivity  of  response  to  heading  is  remi¬ 
niscent  of  much  of  the  Quest’s  i  iwt  \  experience. 

-Similar  examples  could  be  given  for  other  criteria,  us¬ 
ing  the  I  t  w  t  x  experience.  For  example,  pressure  trans¬ 
ducer  immersion;  could  be  correlated  with  relative 
motion  records  to  draw  conclusions  about  bottom  slam¬ 
ming  or  deck  wetness. 


iriopefable  headings  -< 


Ship  heading  to  primary  sea  (deg) 

Figure  7.  Operability  of  a  52(X)  tonne  frigate  subject  to  a  4 
rms  roll  limitation  on  shipboard  operations  See  the  text  for  the 
dehnition  of  a  sea-state  model 


Table  3.  Operability  of  a  52001onne  frigate  in  6  m  seas 


Inoperable  heading 

Roll  range 

Sea-state 

range  (deg) 

(deg) 

model 

4°  criterion 

3°  criierion 

Best  -  worst 

1 

88 

168 

7.0 

164 

258 

3.1 

3 

142 

231 

3.5 

4 

43 

316 

2.0 

5 

133 

254 

3.4 

What  arc  the  broader  implications  of  1 1  wt  x  for  na¬ 
val  architecture?  For  the  most  part,  thev  are  related  to 
operability.  Naval  vessels  are  now  designed  with  scakeep- 
ing  in  mind,  and  linear,  two-dimensional  theory  ship- 
motion-prediction  codes  frequently  are  used  to  rank  or 
evaluate  the  candidate  design's  lifetime  or  the  mission’s 
operability  in  locations  of  interest.  Routinely,  unimo- 
dal  multidirectional  seas  are  used,  with  90°  as  the  ac¬ 
cepted  spreading  angle.  The  example  above,  together 
with  the  Quest's  own  experience,  suggests  that  applying 
spreading  to  unimodal  spectra  is  not  enough:  the  com¬ 
mon  occurrence  of  multimodal  sea  states  must  be  recog¬ 
nized.  This  is  a  painful  conclusion. 

When  Bales  ct  al.'  reported  the  results  of  hindcasting 
for  NATO  operational  areas,  they  firmly  established  the 
use  of  short-crested  sea  states,  in  part,  at  least,  because 
they  reported  results  in  a  format  convenient  for  existing 
frequency-domain  seakeeping  codes.  II  multimodal  sea 
states  are  important  to  naval  architecture,  theti  the  hind¬ 
casting  results  must  be  used  more  directly.  This  is  con 
siderably  more  onerous  than  siinplv  assuming  a  90° 
spreading  angle  and  using  a  joint  probabilitv  table  for 
significar,.  wave  height  anti  modal  period. 


so 
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Although  feasible,  simply  simulating  seakeeping  per¬ 
formance  and  operability  using  an  archived  hindcast 
spectra!  database  cannot  be  considered  practical.  To  en¬ 
courage  the  use  of  multimodal,  multidirectional  spectra, 
it  would  be  better  to  employ  a  multiparameter  spectrum, 
together  with  associated  probability  distributions  for 
spectral  parameters,  to  generalize  an  operational  area 
hindcast  for  frequency-domain  seakeeping  calculations. 
Hogben  and  Cobb‘S  have  reported  a  parametric  direc¬ 
tional  wave  spectra!  model  that,  in  principle,  satisfies 
these  goals.  Juszko  Scientific  Services,  under  contract 
to  DREA,  is  developing  this  model  fun  her,  to  address  bi- 
modal  spectral  modeling  in  Canadian  operational  areas. 

CONCLUSION 

The  good  weather  conditions  that  predominated  dur¬ 
ing  LEWE.x  prevented  the  achievement  of  goals  depen¬ 
dent  on  high  sea  states;  however,  the  i  ewex  pressure 
transducer  and  strain  data  were  valuable  for  at  least  two 
reasons.  First,  when  compared  with  relative  motion 
predictions,  pressure  transducer  data  gave  further  evi¬ 
dence  of  the  inability  of  a  unimodal  sea-state  model  to 
describe  the  sensitivity  of  ship  response  to  heading.  Sec¬ 
ond,  the  bow-flare  pressure  and  strain  data  provided  a 
rare  opportunity  to  validate  the  ability  of  a  finiie-element 
code  to  model  stresses  in  a  complex,  three-dimensional 
structure  under  dynamic  loading. 

The  LEWEX  experience  confirms  that  multimodal  spec¬ 
tra  must  be  regarded  as  a  common  occurrence  at  sea.  As 
a  result,  the  relatively  recent  acceptance  of  multidirational 
unimodal  speara  for  routine  seakeeping  evaluation  in  the 
design  process  offers  insufficient  improvement  over  the 
unrealistic  unidirectiona',  unimodal  sea-state  model. 
Results  of  two  Quest  seakeeping  trials,  one  in  light-to- 
moderaie  seas  (EEvvex)  and  an  earlier  one  in  heavier  seas, 
demonstrate  that  unimodril  sea-state  models,  even  with 
spreading,  fail  to  model  properly  the  relationship  of  ship 
motions  and  heading.  A  simple  operability  example  for 
a  destroyer  gives  similar  results. 


The  Use  of  unimodal  shi'n-cresief'  spectra,  although 
an  advance  over  unidirectional  spectra,  is  insufficient  to 
predict  ship  operational  capability.  The  muliimodai  na¬ 
ture  of  a  significant  proportion  of  open-ocean  spectra 
must  be  recognized  and  modeled  if  operational  studies 
are  to  be  realistic'.  Hindeasts  offer  a  way  to  define  mul¬ 
timodal  seas,  but  the  practical  implemeniation  of  the  in¬ 
formation  depends  on  the  reformulation  of  hindeasts  as 
multiparameter  spectra!  models,  with  associated  joint 
probability  tables,  suitable  for  use  in  frequency -domain 
seakeeping  codes. 

RtIFRfcNCLS 

'VouiJi!.  r  K  .  VV  .  and  Zifnii'l,  [  .  '.V  nHiV  Oinicrisjoiial  Vu.d,.,, 

K>(  Vtiintw  Imagcx  lot  ihc'  fXitcrtiMn.iUv.n  v^^  DijcMKmuuiv 

4nd  SuTlaLc  (.'ufrcfUv"  •/.  (n'ophy'-.  90.  UM9- 

■  Niwkcrviiifi.  W  ..  and  C'lfir^sc.  C  A..  .Kfivsnrirtv  (kt'jn  M  jn-  S/Vi  iru  fro/n  \}j 
ntw  kiiiiur  Seo  CluUir,  .Nordv.T>  I  innud.  (X'IciKc  frstah/ixhfiK'nf  .Xu 

lamic  tomractor  Repi'a  CR  HS  42!^  (19NS) 
larko.  C.  .\..  and  Nickerson.  \V  .  Measurm^  (ki-un  Ujit-  S(\\  iro  fmm  \fj 
nut'  ku<lur  St'o  Cluuer—Sotiwiiry  i  sir's  Manual,  Nttrdev’  1  nnitetJ.  [XMefuc  Rc 
search  I'Mahlishineni  AtUuuic  Conlracioi  Kcfxtn  t  K  424  iIVN.K) 
"(irahaiti.  R..  and  frudclk.  C  An  L/xiuU'd  (  sir\  Manual  Un  ilw 

SHiPMO  Computer  ProMram  IncorfKtruKna  an  h.xwnikd  Hnirosiain.'-  i  a/kj 
fuiily  aiui  an  improved  i  iscous  Pod  /.kimptnn  .MtxJel.  IX'feruc  Rcscdrcfi  i  s 
laHishmcnt  .Ailamiv  Icvhnical  Communicauon  .XW 
'Pege.  N.  Cl.,  Xernon.  f  .X  .  \Xcgncr.  1  •.  and  Ncihcrcoic,  \X  .  C  I. ■  riniic 
I.  Icmcm  Prcdichon  of  Measured  iXn*.  I  lore  Plate  Sut*sscs  under  DviiLurnc  XX  jxf 
l  oading."  Iram.  R.  irM.  Vt/i.  ■lA/uftTV'.  UI.  135-I4'* 

^Maruv  I  iinued.  Dctencc  Research  psiahbshnieni  Mlaniic,  l  iiruium  and 
Sirenulh  Analysis  Program  (  I  .-IST).  \  ersum  IW.  C  i>nuacior  Kept'n  Kfv  429 

nm). 

Mad  aren  Planscarch  I, incited  iind  Occarmcathcr,  In*,..  IX'seUipmeni  and  i.vai- 
nation  of  a  Ht/vr  Climate  Data  liasc  lor  the  k'asi  Coast  t>f  Canada,  Coniraci 
Repon  for  IX’parrnicni  of  risht-rits  and  (Xeans.  Ofijwa  iWSK). 

''Bales.  S.  I  ..  l  ee.  XX’  r..  and  X'tvlker.  I  M  .  Standardized  Have  ami  i^'ind 
t.nvtronmetus  for  SATO  OfKraiional  Areas.  David  laylor  Nasal  Ship  R<kD 
(enter  .SPD-1W194>1  DVf^D 

‘^Hoglvn.  N  .  and  Cobb.  1  .  (  .  "ParuuKinc  .Mtxiding  ol  Dirationa)  XX  ase  Spec¬ 
tra."  in  /VrH'.  tinhieenih  Annua!  Offshore  Tethnoloxs  (  on!..  Xoj  I  (19^6) 

.AC  KNOXX'l.ttXiMLNTS:  K»>ss  XX  .  Cii.duiru  printdewi  v.duahk’  ciivussinns 
before  ^uid  after  ll  XX  l  \  .md  inosi  roeenils  through  his  merubcrship  in  the  C  ana 
Jian  l-.aM  Coast  \Xa\cs  IVo^eci  Cifoup  Halter  Mlis  anals/ed  (ftc  (.Ws/  (  1  \X|-\ 
trials  rtMilis.  Bert  Hanhtig  of  the  BedU^rd  InMitiiie  ol  (Xeanograpin  was  tespt^n- 
siblc  lor  the  design  and  rnanulaciurc  of  the  deep-water  wavebuov  in  x^nngs  (>t 
course,  '‘pecial  alteration  tnusi  lx‘  guen  lo  ihe  c«H>peranon  and  stjppcvi  of  Cap 
lain  Hill  XVhyte.  ihe  offk'Cf'.  and  crew  oi  ihe  Quest,  wc!!  so  the  sciemitk  stm! 
»»n  board  during  IfcxxpX, 


60 


JOHAN  H.  DE  JONG  and  PIETER  VERMEIJ 

HNLMS  TYDEMAN'S  LEWEX  EXPERIENCE  AND 
MOTION  SIMULATION  IN  MULTIMODAL  SEAS 


Measurements  of  motions  of  HNLMS  Tydeman  were  made  in  a  variety  of  multidirectional  sea  states 
during  the  Labrador  Sea  Extreme  Waves  Experiment.  Although  no  extreme  seas  occurred,  the  moderate 
multimodal  sea  states  illustrated  that  multimodality  is  important  for  time-domain  predictions  of  ship 
motions  and  is  especially  useful  during  the  design  stage  for  assessing  ultimate  stability,  that  is,  safety 
against  capsizing. 


INTRODUCTION 

The  Dutch  vessel.  Her  Netherlands  Majesty's  Ship 
(HNLMS)  Tydeman  (Fig.  1),  was  one  of  two  vessels  par¬ 
ticipating  in  the  Labrador  Sea  Extreme  Waves  Experi¬ 
ment  (lEWExi.  The  Tydeman  carried  scientists  and 
equipment  from  nine  agencies  within  The  Netherlands, 
United  States,  Federal  Republic  of  Germany,  France, 
United  Kingdom,  Norway,  and  Spain.  The  experiment 
was  intended  to  support  the  goals  of  the  North  Atlantic 
Treaty  Organization  (Nato)  Research  Study  Groups 
RSG-i  and  RSG-:  of  the  nato  Defence  Research  Group, 
containing  the  Special  Group  of  Experts  on  Naval 
Hydrodynamics  and  Related  Problems. 

HNLMS  TYDEMAN 

The  Tydeman  was  the  first  ship  in  the  Royal  Nether¬ 
lands  Navy  to  be  designed  and  equipped  specifically  for 
oceanographic  research.  The  research  can  be  for  mili¬ 
tary  as  well  as  for  pure  scientific  purposes.  Civilian  scien¬ 
tists  may  be  assured  of  at  least  30%  of  the  seagoing  time 
each  year. 

The  Tydeman  is  well  equipped  for  oceanographic  re¬ 
search.  Special  attention  was  given  to  providing  good 
seakeeping  and  maneuverability  qualities,  and  the  abili¬ 
ty  to  make  short,  siknt  runs.  The  Tydeman  can  accom¬ 
modate  fifteen  passengers  and  has  ample  space  for 
laboratories,  meeting  areas,  and  various  oceanographic 
instrumentation,  including  a  working  deck  area  and  as¬ 
sociated  deck  gear.  Oceanographic  and  hydrographic 
data  such  as  time,  position,  depth,  temperature,  salini¬ 
ty,  wind,  and  pressure  are  ail  routinely  and  automati¬ 
cally  collected.  A  summary  of  the  Tydeman'^  charac¬ 
teristics  is  given  in  Table  1. 

Oceanographic  research  often  requires  overside  han¬ 
dling  of  various  equipment,  either  free-floating,  towed, 
or  anchored.  The  aft  working  deck  is  used  mainly  when 
traveling  at  normal  speeds;  the  working  deck  at  three- 
fourths  of  the  ship’s  length  forward  is  used  mainly  when 
drifting  or  traveling  slowly.  The  Tydeman  has  good 
seakeeping  properties  and  a  passive,  free  surface  tank 
to  reduce  roll  motions  to  keep  the  working  decks  dry 
and  in  good  operating  condition  up  to  about  sea  state  7. 


Figure  1.  Tlie  HNLMS  Ty^Seman. 


Table  1.  The  rnam  characteristics  of  the  Tydeman 


Displacement  2200  tonnes 

Length  90.19  m 

Molded  breath  14.4?  m 

Draft  (excluding  sonar  dome)  4.75  m 

Draft  (including  sonar  dome)  7.50  m 

Installed  power  21(X)  kW 

Maximum  speed  15  ki 


To  be  easily  maneuverable,  the  Tydeman  is  equipped 
with  a  bow  thruster  and  a  rudder  with  its  own  propel¬ 
ler,  allowing  rudder  angles  of  up  to  90'. 

RSG-1  OBJECTIVES 

The  primary  objectives  of  ksc.  i  during  1 1  wi  \  were 
to  establisli  reliable  methods  to  measure  the  directional 
properties  of  waves,  and  especially  to  improve  methods 
for  providing  both  measured  and  predicted  wave  con¬ 
ditions  for  full-scale  sea  trials  and  ship  operations.  Meet¬ 
ing  these  objectives  is  fundamental  to  validating  ship- 
response  predictions,  ocean  wave  models  and  climatol¬ 
ogies.  and  sea  keeping  surveys. 
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The  RSG-i  plans  for  the  Tydermn  and  the  Quest  (see 
the  articles  by  Kjeldsen  and  by  Nethercotc  in  this  vol¬ 
ume)  were  as  follow's: 

1.  To  make  simultaneous  wave  measurements  with 
various  in  situ  and  remote  instruments,  some  of  which 
are  still  experimental. 

2.  To  compare  data  from  instruments  and  wave 
models  for  both  validation  and  evaluation. 

3.  To  conduct  model  tests  with  the  Quest  (and  possi¬ 
bly  the  Tydeman)  in  scaled  lewex  directional  seas  in  the 
Marintek  facility  in  Trondheim. 

4.  To  use  sea  trials  and  model  simulations  to  evalu¬ 
ate  the  applicability  and  usefulness  of  directional  wave 
data  in  ship  design  and  operations  planning. 

INSTRUMENTATION 

The  instrumentation  carried  and  deployed  by  the 
Tydeman  during  lewe.x  is  summarized  in  Table  2.  For 
the  first  phase,  the  Wavescan  buoy  was  moored  in  about 
4000  m  of  water  during  the  night  of  13  March  1987,  to 
be  ready  for  the  aircraft  overflights  on  the  following  day. 
The  mooring  was  performed  from  the  aft  working  deck 
in  40-kt  winds  and  5-m  seas  by  using  an  “anchor  last” 
procedure.  The  deep-water  mooring  consisted  of  sever¬ 
al  separate  sections,  each  wound  on  separate  winches, 
so  both  the  mooring  and  the  recovery  had  to  be  per¬ 
formed  in  steps.  In  the  first  location  (50°N,  45°\V),  the 
anchor  and  300  m  of  line  had  to  be  abandoned. 

Most  of  the  drifting  wave  buoys  were  deployed  from 
the  forward  working  deck  by  using  an  A-frame  or  an 
L -frame.  The  Delft  buoy  could  easily  be  dropped  by 


Table  2.  Instrumentation  carried  and  deployed  by  the 
Tydeman  during  lewex. 

Parameter  System  Location  Country- 


Sea  state 

Wavec  buoy 

Drifting 

The  Netherlands 

Sea  state 

Delft  buoy 
(unidirectional) 

Drifting 

The  Netherlands 

Sea  state 

Endec  ^  buoy 

Drifting 

United  States 

Sea  state 

Wavcscan  buoy 

Anchored 

Norway- 

Sea  state 

Infrared  sensor 
(unidirectional) 

.Mounted 

Federal  Republic 
of  Germany 

Sea  state 

Navigation  radar 

On  board 

Federal  Republic 
of  Germany 

Sea  state 

Wadirex  buoy 

Drifting 

France 

Sea  state 

Datawell  wave- 
rider  buoy 

Drifting 

France 

Ship  motions 

Stabilized 

platform 

On  board 

The  Netherlands 

Ship  motions 

Infrared  sensor 

Mounted 

Federal  Republic 
of  Germany 

Ship  motions 

Transducer  case 

On  board 

France 

Ship  motions 

Comfort  meter 

On  board 

The  Netherlands 

Sea  loads 

Strain  gauge 

On  board 

United  Kingdom 

Oceanographic- 

data 

Oceanlog  system 

Tydeman 

The  Netherlands 

Buoy  location 

Radio  direction 
finder 

On  board 

The  Netherlands 

hand,  however,  because  of  its  robusiness  and  light 
weight.  The  buoys  sometimes  drifted  several  miles  or 
more  between  daily  recoveries. 

Infrared  ttRi  and  sonic  sensors,  along  with  nav  igation 
radar  techniques  (see  the  article  by  Ziemer  in  this  vol¬ 
ume),  are  being  developed  to  attempt  to  reduce  the  need 
for  wave  buoys  during  sea  trials.  The  ik  sensor  was 
mounted  on  a  frame  (or  “giraffe”)  far  forward  on  deck 
and  hung  over  the  bow  to  obtain  a  clear  vertical  view 
of  the  sea  surface,  but  it  was  limited  by  spray  and  large 
pitch  and  roll  motions  during  heavy  weather.  The  tK 
sensor  measured  only  wave  elevation  and  thus  could  pro¬ 
duce  only  nondirectional  spectra.  It  did  have  one  ad¬ 
vantage  over  the  navigation  radar,  however,  since  its  data 
could  be  processed  on  board.  Unfortunately,  structural 
limitations  prevented  the  sonic  sensor  from  being  placed 
far  enough  forward  on  the  giraffe  to  stay  clear  of  the 
bow.  The  navigation  radar  technique  required  special 
provisions  to  trigger  a  photographic  camera  that  record¬ 
ed  the  plan  position  indicator  display. 

Ship  motions  were  measured  in  three  ways.  First,  the 
Delft  hydromechanics  laboratory  ’  employed  a  plaifonn, 
stabilized  by  a  pitch,  roll,  and  yaw  gyroscope  (to  mea¬ 
sure  both  amplitude  and  rate),  on  which  three  accek-rom- 
eters  were  placed.  Second,  an  tR  sensor,  stabilized  by  a 
gyroscope,  measured  the  vertical  accelerations  to  com¬ 
pute  the  sea  state;  ship  motions  were  therefore  part  of 
its  measured  data.  Third,  a  French  measurement  system 
contained  three  accelerometers  at  one  location,  and  a 
transducer  case  contained  a  gyToscope,  three  gyrometers, 
and  three  accelerometers  at  a  second  location.  In  addi¬ 
tion  to  these  three  objective  measures  of  ship  motion, 
a  small  device  called  a  “comfort  meter”  was  also  tested. 
The  “noncomfort  index”  was  defined  as  the  rate  at 
which  vertical  acclcrations  exceeded  a  threshold  value. 
Such  a  device  could  be  quite  useful  in  motion  sickness 
research. 

SHIP  PERFORMANCE 

Heavy  seas  and  ice  during  North  Atlantic  transit 
caused  a  delayed  arrival  of  the  Tydeman  in  St.  .lohn’s, 
Newfoundland,  preventing  a  prc-i  ew  ex  rendezvous  with 
the  Quest.  To  recover  some  of  the  lost  time,  the  Tyde¬ 
man  moored  its  Wavescan  buoy  immediately  upon  ar¬ 
riving  at  the  first  i  Ewt  \  site  (50°N,  45°W).  Mooring 
was  accomplished  in  the  middle  of  the  night  and,  ironi¬ 
cally,  in  the  highest  seas  of  the  experiment.  During  the 
follovv.ng  two  days,  the  significant  wave  heights  were 
only  3.5  to  4.5  m;  the  remainder  of  i  i-vvEX  experienced 
even  lower  seas.  These  seas,  lower  than  hoped  for,  were 
insufficient  to  investigate  the  nonlinear  behavior  of  wave 
buoys  and  ship  motions.  On  the  other  hand,  the  sea 
states  were  more  often  multimodal  than  not.  and  thus 
served  the  RSCi-i  goals  well. 

The  multimodal  seas  (composed  of  both  swell  and 
wind  seas)  made  it  difficult  to  select  a  principal  wave 
direction  on  which  to  base  the  seakeeping  experiments. 
The  ship  runs  were  planned  to  occur  in  30°  increments, 
proceeding  systematically  from  head  seas  to  following 
seas.  In  preparation,  the  anti-roll  tank  was  emptied  to 
assure  straightforward  ship-motion  predictions.  (  om- 
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purer  simulations  were  performed  for  se\era!  muliimo* 
dal  sea  conditions  experienced  during  i  t-w  i  two  of 
which  will  be  summarized  here. 

As  stated  earlier,  a  three-dimensional  description  of 
the  wave  field  is  required  for  operational  applications 
such  as  ship  routing  and  task  optimization.  The  Royal 
Netherlands  Navy  considers  such  a  description  useful, 
even  during  the  vessel  design  stage.  Predicted  ship  mo¬ 
tions  in  multimodal  seas  can  strongly  influence  the  choice 
of  ship  design  criteria.  Extreme  roll  motion,  including 
capsizing,  is  an  important  operational  consideration. 

Our  plans  for  the  future  therefore  include  the  follow¬ 
ing:  (1)  establishing  a  standard  procedure  to  treat  ship 
motions,  including  the  nonlinear  effects  induced  by  mul¬ 
timodal  high  seas:  (2)  checking  the  reliability  of  the  com¬ 
puted  motions  by  comparing  simulated  motions  with 
full-scale  motions  in  multimodal  high  seas;  (3)  compar¬ 
ing  full-scale  results  for  unimodal  and  multimodal  spec¬ 
tral  representations,  both  having  identical  total  energy; 
and  (4)  comparing  calculated  motion  results  for  various 
ship  designs  and  ship  operations  over  a  variety  of  sea 
states.  These  effons  will  result  in  better  ship  design  criter¬ 
ia  to  improve  safety  in  high  seas,  and  the  design  criteria 
wii!  be  extended  to  a  set  of  operational  rules  for  ships 
operating  in  extreme  sea  states. 

Some  results  of  a  time-domain  calculation  are  present¬ 
ed  in  the  next  section  and  are  compared  with  the  full- 
scale  data  measured  during  lewe.x.  Ship  motions,  cal¬ 
culated  with  and  without  accounting  for  multimodali¬ 
ty,  are  also  presented. 

MOTION  SIMULATION 

Motions  of  the  Tydeman  have  been  simulated  by  us¬ 
ing  computer  programs  developed  for  the  Royal  Nether¬ 
lands  Navy  by  the  Marine  Research  Institute  of  The 
Netherlands.*  The  time-domain  simulation  sums  all  the 
relevant  forces  at  each  time  step  to  solve  the  six  equa¬ 
tions  of  motion.  The  relevant  forces  include  inertial  ef¬ 
fects,  hull  damping  forces,  weight  and  buoyancy  forces, 
propeller  and  rudder  forces,  and  wind  and  wave  forces. 
In  the  LEWEX  runs,  however,  only  the  roll,  pitch,  and 
heave  motions  were  calculated;  the  wind  forces  were 
neglected,  and  the  rudder  was  fixed  in  the  zero-angle  po¬ 
sition.  Pierson-Moskowitz^  spectral  forms  were  used  to 
model  both  unimodal  and  bimodal  representations  of 
the  LEWEX  wave  conditions.  Multimodal  seas  were  mod¬ 
eled  by  a  unimodal  representation  by  integrating  the 
spectral  density  over  all  wave  directions  and  fitting  the 
data  to  a  Pierson-Moskowitz  spectrum.  A  bimodal  wave 
spectrum  was  modeled  by  identifying  the  two  principal 
wave  directions  and  by  assuming  that  the  sum  of  the 
energy  from  each  system  was  equal  to  the  total  measured 
energy.  The  same  assumption  was  also  made  for  the 
energy  moment,  that  is,  the  product  of  energy  and  wave 
direction. 

RESULTS 

Table  3  shows  principal  wave  characteristics  for  both 
14  March  and  23  March;  calculated  bimodal  values  are 
given  for  significant  wave  height,  average  period,  and 
peak  period,  with  relative  wave  directions  of  each  of  the 
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Table  3.  Summaryf  of  wave  specifications  at  tne  Tydeman 
for  two  separate  runs 


14  March  23  .March 

Run  No.  8  Run  No.  102 


Parameter 

Unimodal 

mode) 

Bimodal 

model 

Unimodal 

mode) 

Bimodal 

model 

Significant  wave 

3.70 

2.47 

3.33 

2.25 

height  (m) 

1.28 

1.10 

Average 

9.2 

9.4 

7.6 

8.1 

period  (s) 

8.9 

6,6 

Peak 

11.4 

n.6 

9.4 

10.0 

period  (s) 

11.0 

8.2 

Relative  wave 

0 

30 

0 

34 

direction  (deg) 

-80 

-  41 

modes. Figure  2  compares  both  the  unimodal  and  bi- 
modai  predictions  for  the  same  days  with  actual  roll, 
pitch,  and  heave  measurements  at  various  ship  headings. 

On  14  March  (solid  curves  in  Fig.  2),  measured  roll 
amplitudes,  most  important  when  considering  capsizing, 
show  good  agreement  with  the  bimodal  simulation,  al¬ 
though  simulated  roll  motions  for  the  mean  (unimodal) 
wave  approximation  are  too  low  in  head  seas  and  too 
high  in  beam  seas.  Simulated  pitch  motions  are,  for  some 
unknown  reason,  substantially  underestimated.  The  sim¬ 
ulated  roll  motions  using  a  bimodal  .sea  arc  more  realistic 
than  those  using  a  unimodal,  long-crested,  irregular  sea. 
The  unimodal  wave  results  are  reasonably  good,  how¬ 
ever,  and  for  some  types  of  motion  are  even  better  than 
the  bimodal  results,  because  those  types  of  motion  are 
less  sensitive  to  changes  of  heading  and  modal  charac¬ 
teristics. 

The  results  of  23  March  (dashed  curves  in  Fig.  2)  were 
collected  during  higher-speed  runs  between  11.3  and  12,6 
kt  in  seas  having  a  3.3-m  significant  wave  height.  Con¬ 
trary  to  the  bimodal  roll-motion  simulations  of  14 
March,  which  compare  rather  vvell  with  the  measured 
results,  the  roll  comparisons  of  23  March  are  not  as  fa¬ 
vorable  in  either  absolute  values  or  trends.  Pitch  simu¬ 
lations  again  compare  poorly  with  measurements,  but 
bimodal  heave  simulations  compare  well  at  all  headings. 
This  apparent  lack  of  success  in  the  model  simulations 
has  several  possible  explanations: 

1.  Oversimplified  multidirectional  modeling:  Roll  is 
particlularly  .sensitive  to  the  frequency  of  encounter  of 
the  forcing  sea  state,  and  apparently  minor  changes  in 
a  simplified  spectral  model  may  have  a  significant  ef¬ 
fect  on  roil  predictions.  Figure  2  shows  that  spectral  var¬ 
iations  at  nominally  the  same  significant  wave  height  mas 
lead  to  order-of-magnitude  changes  in  roll,  whereas 
heave  changes  by  4013)  at  most. 

2.  Irregularity  of  the  seaway:  Directional  spectra  give 
substantial  information  about  a  seaway.  Nevertheless, 
although  the  spectra  may  be  identical,  the  actual  30-min 
wave  train  experienced  by  a  ship  is  not  the  same  as  that 
used  in  the  motion  simulation.  Several  simulations  are 
required  to  reach  a  statistically  significant  result.  Tabic 
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Figure  2.  Comparisons  of  measured  (black  curves)  and  simu¬ 
lated  significant  ship  motions.  The  red  curves  are  the  bimodal 
simulations,  and  the  blue  curves  are  the  unimodal  simulations. 
The  solid  curves  are  for  14  March,  significant  wave  height  = 
3,7  m,  and  the  dashed  curves  are  for  23  March,  significant  wave 
height  =  3.3  m. 


4  shows  the  variation  obtained  from  a  sequence  of  five 
30-min  simulations,  each  driven  with  an  identical  spec¬ 
trum.  The  results  indicate  the  ranges  of  ship-motion  un¬ 
certainty  expected  for  a  single  simulation  run, 

3.  Accuracy  of  full-scale  measurements:  The  results 
of  the  full-scale  observations  are  determined  by  the  ac¬ 
curacy  of  the  measuring  devices  and  the  errors  in  the 
analytical  techniques.  Comparisons  of  simultaneous 
measurements  made  with  different  sensors  illustrate  the 
problem.  For  example,  simultaneous  measurements  of 


Table  4.  Variability  in  modeled  snip  motions  resulting  from 
five  30-min  simulation  runs 


Run  number 


12  3  4  5 


Wave  height  (ra) 


Maximum 

-2,94 

3.05 

3.00 

3.20 

3.18 

Heave  (m) 

Maximum 

-  2.58 

-  2.45 

-  2.49 

-2.57 

-  2.63 

Oh 

0.76 

0.76 

0.75 

0.75 

0.76 

Roll  (deg) 

Maximum 

12.7 

13.3 

13.0 

12.4 

13.3 

Or 

3.89 

3.84 

3.92 

3,94 

3.89 

Pitch  (deg) 

Maximum 

-3.81 

3.47 

3.79 

-  4.02 

-  3.93 

Op 

1.24 

1.23 

1.24 

1.24 

1.25 

Note:  The  ship  speed  was  2  kl,  and  the  heading  was  30’  off  the  "head 
seas”  for  the  LEwr.x  wave  system  of  14  March,  Run  No.  8,  as  de¬ 
fined  in  Table  3.  All  runs  are  for  a  significant  wave  height  of  3.7 
m;  a  is  the  standard  deviation  in  heave,  roll,  or  pitch. 


significant  roil  from  two  separate  measurement  systems 
sometimes  disagreed  by  nearly  a  factor  of  2.' ' 

4.  Ship  loading  and  control:  Ship  load  conditicti,  as 
well  as  its  control,  could  have  varied  during  the  trial, 
although  neither  was  found  to  influence  the  results  when 
load  condition  and  autopilot  settings  were  varied  dur¬ 
ing  the  simulations. 

ULTIMATE  STABILITY 

The  extreme  roll  behavior  of  a  ship  in  complex  seas 
is  of  great  interest  to  both  ship  designers  and  operators. 
Methods  now  used  to  evaluate  a  ship's  margin  of  safety 
against  capsizing  are  based  mainly  on  experience  and  do 
not  give  much  physical  insight  into  the  relation  between 
ultimate  stability  and  ship  design  or  operational  perfor¬ 
mance.  The  time-domain  simulation  program,  using 
multimodal  sea  states,  revealed  several  concerns  that  in¬ 
volve  ultimate  ship  stability.  The  differences  between  the 
bidirectional  and  the  unidirectional  simulations  are  too 
great  to  be  neglected.  Knowledge  of  the  multimodal  be¬ 
havior  of  the  sea  is  necessary  to  evaluate  accurately  the 
ultimate  stability  of  a  ship. 

Additionally,  to  account  for  wave  groups,  freak  waves, 
and  similar  inhomogeneous  wave  phenomena,  the  ship- 
motion  simulation  can  and  should  deal  with  the  real 
three-dimensional  sea  surface  description,  not  simply  the 
spectrum.  The  actual  time  history  of  the  waves  should 
be  used  as  an  input  for  motion-simulation  programs  and 
for  defining  the  relevant  parameters  in  ship  design  and 
operation. 

In  a  multimodal  sea.  a  straightforward  simulation 
shows  that  a  safe  ship  heading  to  prevent  capsizing  is 
not  easy  to  find.  Given  the  existence  of  extreme  waves 
and  the  presence  of  multimodal  seas,  more  detailed 
knowledge  is  required  as  to  where  and  when  these  waves 
and  seas  occur  so  that  they  can  be  avoided.  Multimodal 
spectra  can  then  be  used  as  an  indication  of  ship  safety. 
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CONCLUSION 

The  1  lAviix  seakeeping  trials  with  the  Tyctenum  indi¬ 
cate  that  a  unimodal  model  of  the  seawa\  is  inadequate 
for  ship  design  and  evaluation,  whereas  a  multimodal 
description  is  both  feasible  and  necessary.  For  ultimate 
stability  assessment,  it  may  even  be  necessary  to  specify 
was  e-elevation  time  series. 

With  better  sea-state  models,  numerical  ship-motion 
programs  offer  the  promise  of  realistic  ship-performance 
predictions,  but  the  predictions  will  need  to  be  validat¬ 
ed  in  higher  sea  states  than  those  obtained  in  irwi  x. 
The  simulation  code  used  herein  requires  further  devel¬ 
opment  to  reconcile  pitch-prediction  anomalies. 
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RELIABILITY  AND  RESOLUTION  OF  DIRECTIONAL 
WAVE  SPECTRA  FROM  HEAVE,  PITCH,  AND  ROLL 
DATA  BUOYS 


Heave,  pitch,  and  roll  buoys  have  become  common  and  reliable  instruments  for  long-term  unattended 
acquisition  of  directional  ocean  wave  data.  Directional  wave  spectra  obtained  from  such  buoys  show 
high  consistency,  both  among  themselves  and  also  compared  with  fixed-platform  instrumentation.  Some 
fundamental  limitations  of  the  spectral  estimates  obtained  from  these  buoys  are  reviewed,  emphasizing 
their  resolution  and  sampling  variability. 


DATA  ANALYSIS  TECHNIQUES 


The  ocean  surface  is  considered  to  be  a  homogeneous 
and  stationary  stochastic  field,  with  a  spectrum  that  is 
a  function  of  frequency,  w,  and  vector  wave  number, 
k. '  We  may  analyze  buoy  data  without  further  assump¬ 
tion  about  the  waves,-  but  we  generally  assume  that  the 
field  also  obeys  the  so-called  linear  wave  theory,  wherein 
a  dispersion  relation  connects  «  and  k. '  This  assumption 
implies  that  the  spectrum  may  be  written  in  terms  of  w 
and  the  direction  B  of  k,  or  S(w)  D(B,  u).  Here,  S  is  the 
frequency  spectrum  and  D  is  the  directional  distribution, 
often  expanded  in  a  Fourier  series 


D(B,  w)  = 


1 

2Tr 


1  +  2  ^  [a„  (cL))cos(n@) 
! 


-I-  f>„(u))sin(n0)]j  ,  (1) 

where  a„  and  b„  are  the  corresponding  Fourier  coeffi¬ 
cients. 

In  principle,  the  buoy  should  record  the  surface  heave 
and  the  two  slopes  at  a  fixed  horizontal  location.  In  prac¬ 
tice,  however,  the  buoy  will  make  excursions  from  that 
position  because  of  the  orbital-wave-induced  velocity  at 
the  surface.  This  condition  could  significantly  affect  the 
results,  but  on  the  average  the  first-order  effects  of  the 
horizontal  motion  vanish.  (Numerous  studies  have  been 
devoted  to  the  estimation  of  directional  spectra  from 
buoy  data;  the  references  given  here  are  far  from  ex¬ 
haustive.) 

Common  practice  is  to  record  a  1-  to  2-Hz  time  se¬ 
ries  comprising  1(X)0  to  4000  data  points.’  Such  time 
series  are  long  compared  with  the  characteristic  correla¬ 
tion  time  of  the  record,  and  the  .series  are  “well  record¬ 
ed,”  that  is,  the  subsequent  spectral  analysis  is  simple, 
and  no  major  problems  exist  with  respect  to  aliasing  or 
spectral  leakage. 

Estimating  the  cross  spectra  of  the  time  series  is  the 
first  step  in  most  analytical  methods.  After  forming  the 
cross  spectra,  corrections  for  various  filters  that  affect 
the  records  must  be  carried  out.  Errors  may  be  caused 


by  transfer  functions  of  buoy  response,  pha.se  shifts  in 
anti-aliasing  filters,  or  imperfections  in  the  integration 
of  the  accelerometer  signal.  Some  very  useful  checks  on 
the  phases  of  the  cross  spectra  may  be  applied.  For  any 
stationary  and  homogeneous  surface,  the  cross  spectrum 
between  the  heave  and  the  slope  in,  for  example,  the  x 
direction  at  the  same  location  will  be  purely  imaginary 
(Im),  and  the  cross  spectrum  between  two  orthogonal 
slopes  will  be  real  (Re).'  Any  systematic  deviations  in 
the  final  spectra  suggest  transfer  function  errors.  relat¬ 
ed  test  is  to  compare  the  estimated  root-mean-square 
wave  number  with  the  wave  number  obtained  from  the 
wave  dispersion  relation.  This  test  is  more  questionable, 
since  currents  and  deviations  from  linear  wave  theory 
also  affect  the  estimated  wave  number. ' 

The  frequency  spectrum,  the  wave  number,  and  the 
first  two  pairs  of  Fourier  coefficients  for  the  directional 
distribution  may  now  be  estimated  from  the  cross  spec¬ 
tra.  When  a  linear  wave  theory  with  no  given  dispersion 
relation  is  assumed,  the  cross-spectral  matrix  between  the 
heave  and  two  onhogonal  slopes  at  a  certain  frequency 
will  be 


<!>  =  S 


J 

/A'C7| 

/'A'b, 


-  /'Aff ,  -  ikb' 

A-(!  +  U;)/2  k-b.n 
k-b:/2  A'(l  -  a,  )/2 

(2) 


(Here,  A  =  |  A| ,  and  the  dependence  of  w  is  suppressed.) 

The  discrete  Fourier  transforms  of  the  heave  and  the 
slope  time  series  will  asymptotically  be  complex,  multi¬ 
variate  Gaussian  variables  with  a  covariance  matrix  given 
by  Equation  2.  By  forming  the  joint  probability  density 
for  the  Fourier  coefficients  and  solving  the  correspond¬ 
ing  maximum  likelihood  (MD  estimation  problem  for  the 
parameters  in  Equation  2,  we  see  that  the  solution  agrees 
with  the  expressions  stated  by  Long;  ’ 


5  = 

A-  --  [(.S'v,  +  .y„)/.y] 
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i?,  =  Im  (.S^,  )/(kS) 
ft,  =  Im  (S/„)/(/rS) 

a.  =  {S„  -  S,,)/(A'-5) 

b.  =  2Re  {S„)/{.k-S)  ,  (3) 

where  Sh.\  denotes  the  cross  spectrum  between  elevation 
and  slope  in  the  x  direction,  and  so  on.  When  a  disper¬ 
sion  relation  is  used  in  Equation  2,  the  ml  estimation 
problem  does  not  have  such  a  simple  solution. 

The  Fourier  coefficients  in  Equation  3  are  always 
meaningful,  since  there  exist  positive  distributions  D  hav¬ 
ing  exactly  those  Fourier  coefficients.  This  observation 
follows  from  the  ml  property  and  may  also  be  proved 
directly. 

The  ML  estimates  are  relatively  insensitive  to  errors  in 
the  buoy  transfer  functions  as  long  as  those  functions 
are  the  same  for  both  the  roll  and  the  pitch  motion.  Ex¬ 
cept  for  mooring  effects,  this  will  typically  be  true  for 
circular  buoys. 

For  engineering  applications,  the  most  useful  direc¬ 
tional  parameters  are  the  mean  direction  and  the 
directional  spread  tr, ,  which  are  defined  from  the  first 
pair  of  Fourier  coefficients; ' 

(u)  =  arc  tan  2[b,  (u),  a,  (w)]  , 
ffi  (oj)  =  {2[1  -  r,(w)]i  r|-(to)  =  fli’(w)  +  b, ‘(w)  . 

(4) 

Kuik  et  a!.'*  have  proposed  additional  parameters 
reflecting  the  skewness  and  kurtosis  of  the  directional 
distribution,  but  their  interpretation  for  general  distri¬ 
butions  is  difficult. 

The  construction  of  a  full  directional  distribution  from 
only  four  Fourier  coefficients  represents  an  inverse  prob¬ 
lem.  Using  just  the  truncated  Fourier  series  leads  to  non¬ 
positive  distributions,  which  may  be  avoided  by  intro¬ 
ducing  convergence  factors  at  the  expense  of  direction¬ 
al  smearing.-  Fitting  certain  model  distributions,  for  ex¬ 
ample,  £>(ff)  =  M,s)cos^'(fl/2),  where  Ms)  is  a 
normalization  factor,  has  also  been  popular.  Goodness- 
of-fit  tests  based  on  the  remaining  Fourier  coefficients 
are  discussed  in  Ref.  3. 

A  simple  construction  of  a  directional  distribution,  in 
agreement  with  all  four  Fourier  coefficients,  is  given  in 


Lygre  and  Krogstad:* 

me) 

=  -  0,cr  - 

0;C2) 

2w 

^  |1  -  <),,e  - 

-  <i>2e 

=  (t'l  -  c.crvd  - 

=  cs  - 

-  Oi  +  ib^ 

cv 

=  t/2  +  ibi  . 

where  *  denotes  the  complex  conjugate. 


This  estimate,  called  the  maximum  entropy  isii  i  esti¬ 
mate,  is  similar  to  the  expression  for  the  spectrum  of 
a  complex,  autoregressive,  stochastic  process  and  Ibllows 
by  maximizing  an  entropy  integral  while  keeping  the  giv¬ 
en  Fourier  coefficients  fixed.  (In  contrast,  the  Longuei- 
Higgins  expression  for  D  using  convergence  factors’ 
corresponds  to  a  Blackman-Tukey  spectral  estimate.) 
The  Mfc  distribution  represents  the  “most  probable”  dis¬ 
tribution  consistent  with  the  given  Fourier  coefficieitts 
when  no  further  information  is  available.'’  When  the 
first  pairs  of  Fourier  coefficients  of  some  positive  func¬ 
tion  are  given,  the  next  pair  must  be  chosen  from  a  cer¬ 
tain  disk  in  the  complex  plane  to  conform  with  the 
requirement  of  positivity.  The  me  distribution  corre¬ 
sponds  to  choosing  the  center  of  this  disk.  This  choice 
also  maximizes  the  diameter  of  the  next  disk  in  the  se¬ 
quence  and  thus  poses  the  minimal  constraints  on  the 
continuation  of  the  process.'’ 

The  ME  estimate  does  not  consider  any  a  priori  infor¬ 
mation  about  the  shape  of  the  distribution.  In  fact,  the 
estimate  is  the  function  closest  to  the  uniform  directional 
distribution  that  is  consistent  with  the  data  in  terms  of 
a  certain  entropy  metric.  Wave  directions  are  sometimes 
limited  to  certain  directional  sectors,  however.  Long  and 
Hasselmann  present  a  variational  technique  wherein 
such  constraints  may  be  considered. 

When  applied  to  certain  unimodal  distributions  like  the 
COS"'  distribution  or  the  boxcar  distribution,  the  me  es¬ 
timate  will  show  two  peaks,  a  result  that  is  not  necessari¬ 
ly  a  weakness  of  the  estimate.  If  it  is  known  that  the 
distribution  has  a  certain  form,  then  additional  informa¬ 
tion  is  available,  and  the  estimate  is  no  longer  optimal. 

A  method  that  was  first  derived  for  general  arrays  of 
wave  recorders  is  the  maximum  likelihood  method  of 
Capon. The  method  is  based  on  a  maximum  likeli¬ 
hood  estimate  for  the  amplitude  of  a  plane  wave  record¬ 
ed  in  a  background  of  noise.  This  technique  has  also  been 
applied  to  heave,  pitch,  and  roll  data  and  generally 
produces  more  smeared  directional  estimates  than  the  me 
estimate.  Contrary  to  the  ME  estimate,  the  Capon  ma.xi- 
mum  likelihood  estimate  is  not  consistent  with  the  Fou¬ 
rier  coefficients.  An  iterative  version  of  Capon’s  method 
improves  the  estimate,'"  but  the  iteration  does  not  con¬ 
verge  to  the  ME  estimate. 

An  MEe.stimate  based  on  a  different  definition  of  en¬ 
tropy  is  discussed  by  Konube  and  Hashimoto."  Mars- 
den  and  Juszko'-  discuss  the  u,se  of  an  eigenvector 
expansion  technique,  and  Hashimoto  et  al. ''  have  in¬ 
troduced  a  Bayesian  technique  into  the  analysis  of  the 
data.  A  detailed  intercomparison  among  these  recent  es¬ 
timation  techniques  does  not  appear  to  have  been  car¬ 
ried  out. 

RESOLUTION  AND  RELIABILITY 

Since  a  buoy  provides  only  four  Fourier  coefficients, 
one  could  ask  how  closely  these  coefficients  define  the 
directional  distribution.  The  mean  direction  and  the 
directional  spread  are,  of  course,  defined  in  terms  of  the 
first  pair  of  Fourier  coefficients.  Construction  of  posi¬ 
tive  functions  conforming  to  a  given  set  of  rnuricr 
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coefficients  is  a  bit  tricky.  By  using  the  extension  proce¬ 
dure  briefly  mentioned  in  the  discussion  of  the  mi;  esti¬ 
mate,  however,  examples  of  functions  with  the  same  firsi 
four  Fourier  coefficients  can  be  generated,  as  shown  in 
Figure  1.  The  me  extension  computed  from  Equation  5 
is  represented  by  the  blue  curves.  From  the  graphs,  one 
can  see  that  considerable  variability  is  still  possible.  Some 
of  the  distributions  look  doubtful,  however,  at  least  for 
the  open  ocean. 

Resolution  is  usually  defined  in  terms  of  the  ability 
to  resolve  narrow  double  peaks  in  the  distribution.  The 
ME  estimate  will,  in  the  absence  of  sampling  variabili¬ 
ty,  resolve  two  delta-function  spikes,  regardless  of  their 
separation,  unless  the  peaks  have  finite  width.  The  me 
estimate  defined  from  Equation  5,  however,  will  only 
be  able  to  reproduce  two  peaks  at  the  same  frequency. 

Nevertheless,  comparisons  of  buoy  spectral  estimates 
with  those  of  spatial  arrays  show  that  the  buoy  or 
equivalent  instrumentation  can  extract  most  of  the  rele¬ 
vant  directional  information.''' 

The  sampling  variability  inherent  in  all  spectral  esti¬ 
mates  is  another  source  of  uncertainty.  Since  the  record¬ 
ed  time  series  are  long,  the  asymptotic  relations  for  the 
sampling  variability  of  the  cross  spectra  are  reasonably 
valid.  The  basic  sampling  variability  theory  for  the  most 
common  directional  parameters  derived  from  heave, 
pitch,  and  roll  data  has  been  derived  by  Long,^ 

The  sampling  variability  for  and  a,  for  a  cos’'  dis- 
tributio!  is  shown  in  Figure  2.  The  variability  is  propor¬ 
tional  to  the  square  root  of  the  inverse  number  of  degrees 
of  freedom  (Dof)  in  the  cross-spectral  estimates.  No  sin¬ 
gle  number  quantifies  how  accurately  the  buoy  can  de¬ 
termine,  for  example,  the  mean  direction.  A  simple  rule 


Figure  1.  Examples  of  directional  distributions  having  the 
same  first  four  Fourier  coefficients  (black  curves).  The  blue  curve 
is  the  maximum  entropy  distribution  based  on  the  same  Fouri¬ 
er  coefficients. 


is  that  narrow ,  well-defined  peak',  lead  to  narrow  con¬ 
fidence  intervals. 

E.xamples  of  me  distributions  computed  from  simulated 
cross  spectra  with  50  and  2(X)  ix)t  are  shown  in  Figure  3. 
The  input  is  the  .me  distribution  from  Figure  I .  A  sim¬ 
ple  expression  e.xists  for  the  variability  of  D{0,  u.-)  that  de¬ 
pends  linearly  on  the  cross-spectral  matrix,  that  is,  0(0,  u.-) 
=  yidy  <l>(a))  7(ff),  where  y  is  independent  of  4’.’'  Here, 
Var(£)(&,  a))]  =  2[ED{6,  where  v  is  the  iX)E  in  the 

estimate  of  4>,  H  is  the  Hermitian  transpose,  and  £  is 
the  expectation  operator.  The  me  estimate  is  not  of  this 
form,  and  simple  expressions  for  the  sampling  variabili¬ 
ty  seem  hard  to  obtain.'-  The  sampling  variability  for 
the  ME  estimate  of  a  uniform  distribution  is  3  times  the 
value  for  the  linear  estimate;  numerical  tests  with  gener¬ 
al  distributions  typically  show  a  variability  of  3  to  lO  times 
that  value. 

For  comparisons  with  remote  sensors,  the  directional 
spectra  obtained  from  the  buoys  must  be  converted  to 


Figure  2.  Sampling  variability  for  the  mean  direction  (0,)  (top) 
and  directional  spread  (tj,)  (bottom)  for  a  cos^^  distribution  as 
a  function  of  the  directional  spread,  parameterized  in  terms  of 
the  degrees  of  freedom  (DOF)  in  the  spectral  estimates. 


68 


0.2 


Direction  (deg) 


Figure  3.  Maximum  entropy  distributions  computed  from 
simulated  cross  spectra  with  50  (top)  and  200  (bottom)  degrees 
of  freedom.  The  input  directional  distribution  in  Figure  3  is  the 
maximum  entropy  distribution  (blue  curve)  in  Figure  1. 


wave  number  spectra.  Within  linear  wave  theory,  the 
transformation  is 

0)  =  S[w(A:)l  D[8,  o}{k)]  ^  .  (6) 

dk 

For  simplicity,  the  analytical  dispersion  relation  is  used 
in  Equation  6,  although  the  estimated  wave  number 
would  probably  be  more  consistent.  Experience  shows, 
however,  that  the  linear  theory  is  good  for  the  most  ener¬ 
getic  parts  of  the  spectrum. 

Both  S  and  D  suffer  from  a  correlated  sampling  vari¬ 
ability.  Therefore,  usable  analytical  expressions  for  the 
sampling  variability  of  the  resulting  wave  number  spec¬ 
tra  are  difficult  to  find.  Figure  4  shows  examples  of  simu¬ 
lated  wave  number  spectra,  illustrating  the  typical  sam¬ 
pling  variability  for  a  fairly  complex  sea  state  from  i.E\v- 
Ex  (Labrador  Sea  Extreme  Waves  Experiment).  The  lew- 


Figure  4.  Four  illustrations  (bottom)  of  the  sampling  variabili¬ 
ty  in  estimates  of  th"  wave  number  spectrum  using  a  "true" 
input  wave  number  spectrum  (top)  from  lewex.  The  random 
simulations  were  obtained  from  cross  spectra  of  about  60 
degrees  of  freedom.  Energy  density  contours  are  proportional 
to  m'*,  and  Circles  correspond  to  400,  200,  and  100  m. 


EX  spectrum  is  assumed  to  be  the  “true”  spectrum.  The 
four  simulated  spectra  in  Figure  4  represent  possible  esti¬ 
mates  using  data  from  a  heave,  pitch,  and  roll  buoy.  The 
data  were  processed  with  about  60  doe  in  the  cross  spec¬ 
tra.  A  simpler,  more  well-defined  sea  state  would  have 
shown  much  less  variability  (cf.  Fig.  2). 

COMPARISONS  FROM  THE  WAVE 
DIRECTION  CALIBRATION  PROJECT 

The  objective  of  the  Wave  Direction  Calibration  (W  ad- 
ic)  Project  was  to  evaluate  operational,  commercially 
available,  directional  systems  of  wave  measurement  un¬ 
der  .severe  open  ocean  wave  conditions.'^  The  field  ex¬ 
periment  took  place  over  a  four-month  period  during  the 
winter  of  1985-86  near  the  Edda  platform  on  the  Eko- 
fisk  field  in  the  central  North  Sea.  The  instrumentation 
on  the  platform  included  eight  rapid-response  vector  cur¬ 
rent  meters,  together  with  pressure  transducers  mounted 
on  a  specially  built  tower  attached  to  the  northwest  cor¬ 
ner  of  the  platform.  A  pentagon  array  (diameter,  7  m) 
of  infrared  laser  altimeters  recorded  the  surface  height  to 


H.  E.  Krogstad 

the  side  of  the  instrument  tower.  Seven  directional  buoys 
were  moored  within  1  km  of  the  platform. 

All  systems  in  the  experiment  were  compared  with  a 
common  reference  data  set  compiled  from  the  fixed-plat¬ 
form  instrumentation.  Low-frequency  reference  direction¬ 
al  spectra  were  obtained  from  current  meter/pressure-cell 
triplets;  the  laser  pentagon  was  used  for  high  frequen¬ 
cies.  The  reference  data  set  comprised  920  records  sam¬ 
pled  every  three  hours  (hourly  during  storms). 

A  series  of  intercomparisons  between  the  reference 
data  set  and  the  heave,  pitch,  and  roll  data  from  the  Nor¬ 
wegian  Wavescan  buoy  is  shown  in  Figure  5.  The  sig¬ 
nificant  wave  height  and  the  peak  spectral  period  vtere 
obtained  from  the  frequency  spectrum;  the  mean  direc¬ 
tion  and  the  directional  spread  were  obtained  from  the 
first  pair  of  Fourier  coefficients.  The  broken  lines  shown 


on  the  graphs  are  crude,  90'^'’o  probability  intervals.  The 
mean  direction  shows  an  average  offset  of  about  6 
degrees,  which  later  was  attributed  to  a  faulty  compass 
setting.  The  slight  directionally  dependent  deviations 
were  actually  caused  by  interference  from  the  instrument 
tower  and  represent  a  deficiency  of  the  reference  data 
set  rather  than  of  the  buoy. 

All  instruments  measuring  from  the  surface,  includ¬ 
ing  the  laser  array,  showed  generally  higher  directional 
spread  than  the  current  meter/pressure-cell  triplets,  per¬ 
haps  because  of  imperfect  transfer  functions  for  the 
buoys.  The  buoys  showed  comparable  results  to  the  la¬ 
ser  array  for  directional  spread.  In  general,  the  devia¬ 
tions  between  most  systems  in  wadic  were  found  to  be 
minor.  (Refer  to  Ref.  16  for  a  more  extensive  discus¬ 
sion  of  WADIC.) 
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Figure  5.  Intercomparison  between  the  Wavescan  heave/pitch/roll  data  buoy  and  the  wadic  reference  data  set.  A  Significant 
wave  height.  B.  Mean  zero  crossing  period.  C.  Mean  direction  at  the  spectral  peak  D.  Directional  spread  at  the  spectral  peak. 
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CONCLUSION 

An  analysis  of  directional  wave  data  is  more  compli¬ 
cated  than  a  conventional,  nondirectional  spectral  anal¬ 
ysis.  The  full  directional  spectrum  with  arbitrarily  high 
directional  resolution  is  not  available  with  any  current 
technique. 

The  heave,  pitch,  and  roll  buoys  are,  however,  sim¬ 
ple  and  robust  systems  for  long-term  open-ocean  mea¬ 
surements.  Although  limited  to  four  Fourier  coefficients, 
the  analysis  appears  to  extract  most  of  the  relevant  direc¬ 
tional  information  about  the  waves,  since  the  mean  direc¬ 
tion  and  the  directional  spread  are  based  only  on  the 
first  pair  of  Fourier  coefficients.  The  standard  Nti  esti¬ 
mates  of  the  Fourier  coefficients  and  the  Ntt:  direction¬ 
al  estimate,  therefore,  offer  simple  and  routine  analytical 
methods  for  the  heave,  pitch,  and  roll  data. 

The  sampling  variability  of  computed  wave  number 
spectra  is  considerable.  Detailed  intercomparisons  be¬ 
tween  spectra  should  therefore  be  based  on  systematic 
trends  seen  in  consecutive  spectra  rather  than  on  single 
events. 
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DIRECTIONAL  SPECTRA  FROM  THE  MOORED 
DATAWELL  WAVEC  BUOY  DURING  LEW  EX 

A  Datavscl!  W.ucc  Jitccnoiiai  buo\  ^^a^  inouicd  nc.i!  she  C  I  W  (Jii>  Janii:-  siu  1  al'i.aio'  Sc.i  1 
treme  \\a\e>  I  \pcninciH  iii\u\.  Iiom  14  lo  2<i  Mascii  at  4m '>s  \,  4'  (>>  \\  m  .li-o;;-  ii. 
('t  uatcr.  The  Imhu  ua'.  <iiic  o!  clc\cn  dillcicni  iciiiinc  aiid  in  '////  iiM.d  U'  inc.i'iaa  dutaiunsa; 

propcilics  ot  the  Mirlacc  wave  field,  llie  ^aiiou'-  l  iv.i  \uave  ssNiein^  wete  inea'uuai  I",  ti-e  \K.i\e. 
and  estimated  b>  uMiie  the  maxmunn  emiop\  mettu'd. 


THE  DATA  ANALYSIS  PROC  EDI  RE 

The  seiisors  of  the  W  avee  biiov  arc  housed  inside  a 
canister  about  1  ni  in  diameter  b\  about  i  m  hieh  (see 
Fag.  1).  Surrounding  the  canister  is  a  dotation  collar  that 
increases  the  diameter  to  about  ZA  m;  an  anti-eapsi/e 
hat  above  the  canister  increases  its  overall  height,  when 
deployed,  to  about  2.5  ni. 

The  Wavoe  buoy  uses  an  aecelcroinclei  to  measure  the 
vertical  acceleration  of  the  buoy  as  it  llouts  at  the  sur 
face.  Observations  arc  converted  to  veiiicat  heaves  and 
tilts  along  the  magnetic  north-south  and  cast -west  dtrev.- 
tions  as  mea.surcd  by  internal  compasses,  which  are  cor¬ 
rected  to  true  north.  Samples  are  taken  every  0.78125  s 
until  2560  are  collected  in  about  34  min.  (iafibratuMi 
information^  indicates  that  the  Havee  buoy-  measure 
heave  to  ±2'^o,  pitch  and  roll  to  ±  Ao.  and  Uircvtion 
to  ±2.5°. 

Data  recording  was  continuous  from  2345  E  T  on  14 
March  until  1900  UT  on  20  March,  F,\ccpi  for  three  in¬ 
terruption'  from  on-board  recorder  failures  ((r35  E  l 
to  1600  UT  on  17  .March.  1925  UT  on  18  March  to  03<X) 
UT  on  i9  March,  and  0515  UT  to  1200  UT  on  20 
March),  full  directional  spectra  were  recorded  every  35 
min  for  nearly  five  days. 

To  produce  a  single  spectral  estimate,  the  data  are  first 
divided  into  ten  blocks  of  256  points  each.  The  three  chan¬ 
nel  records  are  examined  for  both  data  gaps  and  noise 
spikes.  These  edited  regions  arc  filled  by  linear  interpo¬ 
lation  if  less  than  eight  consecutive  missing  or  bad  values 
are  found;  if  more  than  eight  ire  found,  the  entire  Mock 
is  rejected.  A  Fourier  analysis  is  then  conducted  on  each 
block.  Amplitude  and  phase  corrections  arc  made  on  the 
basis  of  the  known  response  characteristics  of  the  instru 
ment.  Cospectral  and  quadrature  estimates  from  each 
block  are  then  averaged  in  each  of  128  frequenev  hands 
over  the  ten  (or  fewer)  blocks  of  the  complete  data  col¬ 
lection  record.  The  256  points  m  each  block  permit  a  ire 
qiiency  resolution  of  0.005  FF/  in  c’ch  band.  Spectral 
estimates  from  adjacent  bands  arc  then  averaged  to  pro 
duce  64  bands,  each  with  a  resolution  of  0.01  FF/.  \'alues 
at  frequencies  lower  than  0,033  H/  (wave  period,  M)  >. 
wavelength,  1,350  m)  and  greater  than  0.5  H/  (wave  jx-n 
od,  2  s;  wavelength,  6  rn)  are  discarded. 
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F  he  caicuiauon  of  the  dircciu'nai  spectrum  is  .sccom- 
plisFted  in  one  of  two  standard  wavs.  The  iirst  uses  the 
technique  described  h\  l.onguct  fliggms  ci  al  Iliis 
technique  can  resolve  onlv  .i  single  pc..k  in  each  trcqiien- 
cv  hand  of  the  specirum.  fhe  firsi  live  foiirier  cocili- 
cicnts  (coriespondine  in  the  mean,  the  lundamcni,.ii 
movie,  and  its  first  harmonic)  are  denveii  trom  she 
cospectral  ,ind  quadraiurc  csiimafcs  as  tollows; 
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where 

C  is  a  cospectrai  estimate, 

Q  is  a  quadrature  estimate, 

the  double  subscripts  represent  hease  ll ),  north- south 
slope  (2),  and  east-west  slope  (3), 

A' (wave  number)  -  n  (fV  +  , 

A  is  the  coefYicient  o!'  the  cosine  portittn,  and 
B  is  the  coelTicient  of  the  sine  portion. 

•All  higher  harmonies  (not  obtainable  from  the  buo> ) 
must  be  small  for  the  partial  (five-term)  Fourier  sum  to 
be  non-negative.  Thus,  a  weighting  function  is  applied 
that  has  the  adverse  effect  of  creating  a  spectrum  heas  i- 
ly  smoothed  in  direction,  but  that  leases  it  unaltered  in 
frequency  resolution. 

The  second  standard  technique  used  to  calculate  ilie 
directional  spectrum  is  the  ma.\imum  likelihood  nteth- 
od  (MiMi  described  by  Oltman-Shay  and  Ciu/a. '  I  hc 
Mt.M  has  several  advantages  over  the  Longuei-Fliggins 
technique.  The  pumary  advantage  of  the  analysis  to  the 
Labrador  Sea  E.\treme  Waves  [-i.vperimern  it  i  wi  \»is  its 
ability  to  resolve  multiple  spectral  peaks  within  the  same 
frequency  band.  The  sum  directional  resolution  is  there 
fore  much  improved  over  the  l.onguet-Fliggins  tech¬ 
nique;  the  frequency  resolution,  however,  is  identical. 

Several  other  techniques  to  estimate  directional  spec¬ 
tra  from  the  motions  of  a  buoy  include  the  eigenvector 
method  of  Marsden  and  Juszko,'  the  maximum  entro¬ 
py  method  (MExn  of  Lygre  and  Krogstad,"  and  iterated 
versions  of  both  the  vit  .M  and  vifM.  (.See  Ref.  6  for  a 
comparison  of  these  techniques.)  The  chief  advantage  of 
the  .\rtvf  is  increased  directional  resolution  compared  mth 
the  Longuet-Ffiggins  method,  and  improved  peak  reso¬ 
lution,  even  over  that  of  the  mini.  Thus,  spectral  esti¬ 
mates  previously  prepared  by  the  Canadian  Marine 
Environmental  Data  Service  for  lEwix  have  been 
reanalyzed  in  this  article  using  the  mim. 

STATISTICAL  PROPERTIES 
OF  THE  WAVE  FIELD 

Figure  2  shows,  for  the  entire  six-day  measuremem 
period  during  h-we\,  the  significant  wave  height,  peak 
period,  and  direction  and  spread  calculated  from  the 
Wavec  data  by  using  the  xifm.  The  estimates  were  linear¬ 
ly  interpolated  when  the  on-board  recorder  failed  to  oper- 
a  .orrectiy.  The  significant  wave  height  is  a  measure 
ol  the  energy  in  the  wave  field.  The  peak  period,  direc¬ 
tion,  and  directional  spread  were  all  taken  at  the  point 
of  maximum  spectral  energy  density.  The  direction  wav 
calculated  from  tan  The  directional  spread 

was  calculated  by  using  the  expression  of  Kuik  cl  a!.' 
Figure  2  shows  that  the  wave  height  during  1 1 wi  x  var¬ 
ied  between  about  2  and  5  m.  Until  the  middle  of  16 
March,  the  wave  height  was  about  3  m,  and  waves  ap¬ 
proached  from  the  southeast  at  a  period  of  nearly  10  s. 
During  the  next  24  h,  the  wave  height  increased  to  near¬ 
ly  5  rn,  the  peak  peritrd  remained  nearly  consiani  at  10  s. 
and  the  wave  direction  changed  to  waves  comitrg  from 
the  north-no.  iheast.  During  the  subsequent  24-h  r>crio<l, 
the  wave  height  fell  briefly  to  under  4  m.  ilien  rose  to 
nearly  5  m  once  more  early  on  18  March.  .At  the  same 


1 

20  ■ 


15 ' 

.Ti 

Oj 

a 

5  • 


0 


270  : 


°  15  16  17  18  10 

March  1987 


Figure  2.  The  significant  wave  height  itot):,  peax  penoo  irrco 
diet,  and  direction  (solid  curvei  and  spread  .  -  i  iPoticrr!:  a;  tne 
Quest  location,  calculated  irotn  the  VVavec  data  bv  i.sicf;  ti't 
maximum  entroDy  method 


time,  the  vvave  period  increased  to  ncaiiv  12  s,  and  the 
wave  direction  swung,  so  that  the  dominant  wavc^  were 
coming  from  tite  southwest,  flirougltout  18  Match,  the 
wave  height  fell  rapidlv  in  a  minimum  under  2  m.  the 
wave  period  decreased  to  less  than  iO  s.  and  lite  wave'- 
approached  generaliy  Irtmi  the  smitliwost. 

SPEC  TRAT  ANAl  A  SiS 
f)I  THE  WAVEC  DATA 

I  he  toregoine  dcscnpiion  o!  ilie  evoKmg  1 1  wi  \  w.nc 
field  was  derived  Irom  iiie  set  ot  litil  (iwo-diincnsionail 
directional  spectra  irom  (ire  W  .avcc  buov.  Aifliotigii  tlic 
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total  set  (o\er  100)  is  too  large  to  display,  l  igure  3  ^^Knv^ 
a  sample  selected  from  2150  UT  on  17  \larch.  Here, 
up  to  four  contour  levels  are  presented.  Fhe  spectrum 
indicates  waves  coming  from  the  southwest  and  north- 
ea.st  simultaneously.  Each  spectrum  was  examined  to  de¬ 
termine  the  vector  wave  number  of  maximum  cneruy 
density.  The  80®'o  confidence  intervals  for  all  spectra 
were  then  estimated  to  determine  the  significant  pe'aks. 
The  direction,  wave  number,  and  relative  energy  of  each 
spectral  peak  were  then  calculated.  Figure  4  shows  these 
results;  the  time  coordinates  are  expanded  so  that  in¬ 
dividual  peaks  can  be  resolved  visually.  The  resulting  se¬ 
quence  of  spectral  peaks  reveals  the  time  evolution  of 
the  wave  field. 

Figures  4A  and  4B  show  the  results  from  late  on  14 
March  to  early  on  17  .March.  The  sequence  broke  natu¬ 
rally  into  two  distinct  regimes  of  waves,  the  first  begin¬ 
ning  late  on  14  March  and  persisting  until  about  060t) 
L'T  on  16  March  and  the  second  extending  from  0600 
UT  on  16  March  through  much  of  17  March.  This  lat¬ 
ter  wave  regime  actually  pcisisted  well  into  17  .March, 
as  shown  by  at  least  one  data  point  on  Figure  4C’.  Waves 
of  the  first  regime  (Fig.  4A)  approached  from  the  south- 
southeast  with  nearly  constant  periods  of  1 1  s  ( ±  1  s), 
progressing  from  about  11  to  12  s  from  the  beginning 
of  this  time  to  between  10  and  1 1  s  near  the  end. 

Waves  of  the  second  regime  (Fig.  4B)  persisted  from 
0600  UT  on  16  March  through  at  least  07(X)  UT  on  17 
March.  A  new  system  then  appeared  from  the  north- 
northeast.  Early  on  17  March  (Fig.  4C),  a  relatively  sharp 
shift  in  period  occurred  to  values  of  ty  pically  12  to  13  s. 
Throughout  18  March,  the  period  tended  to  shorten  as 
wave  directions  rotated  slightly  toward  the  east. 
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Figure  3.  A  sample  maximum  entropy  method  spectrum  from 
2150  UT  on  17  March  1987.  The  significant  wave  height  was  4,3  m. 
the  peak  period  was  9,5  s.  The  direction  convention  is  the  direc¬ 
tion  from  which  the  waves  were  coming.  The  inner  circle  cor¬ 
responds  to  a  wavelength  of  400  m.  the  middle  to  200  m.  and 
the  outer  to  100  m. 


.-\t  around  18iX)  U  1  on  17  March  (Fig.  4t  ).  two  com 
peting  wave  systems  wcie  apparent:  waves  arriving  Itom 
the  north  with  periods  of  about  i !  s  were  eonlused  and 
dying  out  (although  some  evidcriee  ol  their  presence  three 
hours  later  is  still  apparent)  as  they  vvere  replaced  by  new 
waves  tfom  the  south-southwest.  By  ahout  2HX)  LI. 
waves  arriving  from  the  south-southwest  with  periods 
of  about  14  s  dominated.  I  his  long-petiod  swell  appar¬ 
ently  was  generated  in  a  storm  centered  to  the  south  (see 
the  article  by  Cardone  in  this  volume),  winch  just  then 
had  begun  to  propagate  into  the  region.  I  hese  very  long 
ireriod  vvaves  generally  evolve  to  waves  of  shorter  |X'ri- 
ixl.  Even  until  I2(X)  UT  on  US  March,  liowever,  the  ma 
jor  wave  component  had  a  (XTiod  of  about  13  s  irom 
the  same  south-southw'.wterly  direction.  By  18(X)  I  T  on 
18  March,  relatively  li’.lle  wave  activitv  was  measured 
by  the  Wavec. 

( kcasionally ,  we  see  interesting  difterences  tx-tucx*n  ihe 
moored  Wavev  estimates  and  the  iiuxiel  estimates  1  or 
example,  at  the  lop  of  1  tgure  5,  the  (Lean  Data  Ciaiher- 
ing  f^rogram  loix.i-i  m<>del  (when  driven  vviih  the  ii  ui  x 
common  winds)  sliowcd  an  abrupi  change  m  ptitfvaga 
non  direeiion  at  around  I2(X)  IT  on  i.s  March.  Ihe 
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Figure  5.  Comparison  of  Ocean  Data  Gathering  Program  nma- 
cast  spectra  (top)  with  Wavec  tjuoy  spectra  (bottom)  at  (Irom 
left)  0900,  1200.  and  1500  UT  on  15  March.  Spectra  are  linear 
in  wave  number  with  outer  circle  at  2jr/100  rad/m,  and  are  in¬ 
dividually  normalized  to  the  peak 


Wavec  estimates,  shown  at  the  bottom  of  the  figure,  how¬ 
ever,  showed  no  such  shift.  This  discrepancy  between 
model  and  buoy  extended  vvell  into  16  March,  when  wind 
speeds  were  quite  low  and  direction  was  variable. 

The  discrepancy  recurred  again  early  on  17  March, 
when  the  odop  model  (top  of  Fig.  6)  and  W'avec  (bot¬ 
tom  of  Fig.  6)  showed  nearly  opposite  directional  esti¬ 
mates  of  dominant  waves,  again  at  comparable  wave- 
lengths.  Some  of  these  differences  were  suppressed  in 
the  smoothed  W'avec  estimates,  possibly  due  to  the  aver¬ 
aging  process.  At  that  time,  previously  strong  northeast 
winds  were  diminishing.  The  W'avec  buoy  was  calibrat¬ 
ed  both  before  and  after  the  experiment,  and  no  direc¬ 
tional  biases  were  discovered.  Overall,  we  may  assume 
that  a  given  wave  model  can  cause  changes  in  wave  direc¬ 
tion  in  response  to  changing  winds  more  rapidly  than 
the  changes  actually  measured  by  in  siiu  instrumentation. 

CONCLUSION 

The  W'avec  buoy  estimates  of  directional  spectra  pro¬ 
vide  an  excellent  yardstick  against  which  wave  mode! 
outputs  can  be  assessed.  In  i  tw  t-x,  the  Wavec  spectral 
estimates  occasionally  differed  from  all  of  the  model 
results,  independent  of  the  input  vvind  field.  These  differ¬ 
ences  were  particularly  evident  at  times  of  low  and  shift¬ 
ing  winds.  Modeled  waves  seem  to  respond  much  more 
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Figure  6.  Comparison  ol  Ocean  Data  Gatnenrig  Program  n.i.a 
cast  spectra  (topi  with  Wavec  buoy  spectra  ibottomi  a!  itrorri 
left)  0000,  0300.  and  0600  UT  on  17  Marcn  Spectra  are  imear 
in  wave  number  with  outer  circle  at  2fr‘100  rad'm.  and  are  m 
dividualiy  normalized  to  the  peak 


rapidly  to  sliills  in  wind  direclion  than  dt'  actual  waves 
measured  by  a  buoy. 
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DIRECTIONAL  SPECTRA  FROM  THE  DRIFTING 
ENDECO  WAVETRACK  BUOY  DURING  LEWEX 


Compared  to  all  the  other  directional  buoys  used  during  the  Labrador  Sea  Extreme  \S  ases  Eixperi- 
ment  (i.EWEX),  Endeco  Wavetrack  buoys  are  relatively  small  and  easy  to  handle.  In  general,  their  spec¬ 
tral  estimates  correlate  well  with  the  other  buoys.  The  Endeco  buoy,  however,  seems  more  sensitive  to 
high  frequency  wind  waves  than  the  larger  discus  buoys,  and  this  excessive  scnsitiviiv  may  bias  the  direc¬ 
tion  of  low  frequency  waves. 


INTRODUCTION 

The  U.S.  Navy  has  placed  inerea.sed  imponanec  on 
directional  wave  determination  for  both  design  and  oper¬ 
ational  purposes.  Improvements  in  ship  motion  programs 
allow  a  designer  to  evaluate  candidate  designs  in  a  wider 
variety  of  directional  sea  conditions.  Operationally,  nu¬ 
merical  tools  exist  to  improve  ship  performance  in  waves 
by  chanpng  speed  and  heading,  if  the  directional  charac¬ 
teristics  of  the  seas  are  known. 

The  state  of  the  an  of  directional  wave  instrumenta¬ 
tion  and  numerical  modeling  has  been  advanced  by  the 
Labrador  Sea  Extreme  Waves  Experiment  (i,f.vvi;\).  This 
unique  experiment  provided  for  the  simultaneous  evalu¬ 
ation  of  three  technologies — remote  sensing,  in  situ  mea¬ 
surement,  and  numerical  modeling— all  in  an  identical 
environment. 

The  David  Taylor  Research  Center  (DTrci  participated 
in  I.EWEX  using  an  Endeco  type  956  directional  wave 
buoy.  The  Endeco  buoy,  developed  at  the  University  of 
Rhode  Island  by  Middleton  et  al.,'  ■  is  based  on  a  de¬ 
sign  that  assumes  that  the  buoy  will  follow  the  wave  or¬ 
bital  velocity.  The  Endeco  buoy  and  its  principal  com¬ 
ponents  are  shown  in  Figure  1 .  The  spherical  fiberglass 
hull  contains  the  principal  electronics  and  batteries.  A 
stainless  steel  shank  connects  to  an  underwater  trans¬ 
ducer  package  that  measures  pitch,  roll,  compass  direc¬ 
tion,  and  stabilized  vertical  acceleration.  The  lower  strut 
assembly  responds  to  the  orbital  particle  velocity  in  the 
water  column  such  that  the  buoy  attains  a  maximum  tilt 
angle  at  the  crest  of  a  wave  in  the  direction  of  wave  prop¬ 
agation.  The  resulting  buoy  motion  is  similar  to  a  stan¬ 
dard  slope-following  buoy  (but  shifted  by  90°),  and  the 
data  analysis  is  accomplished  in  much  the  same  fashion. 
The  assembled  buoy  weighs  approximately  68  kg  and 
is  ea.sy  to  launch  e'en  from  platforms  with  minimal  deck 
equipment. 

DATA  COLLECTION  AND  ANALYSIS 

Lt  vvEX  was  conducted  with  a  broad  spectrum  of  in¬ 
struments  deployed  in  situ  from  the  CFAV  Quest  and 
HNLMS  Tydeman  as  well  as  remote  sensors  operated 
from  aircraft.  Early  in  the  experiment,  the  Quest  dc 
ployed  at  50,0°N,  47.5°W  while  the  Tydeman  deployed 
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Figure  1.  Schematic  of  the  Endeco  type  956  directional  wave 
buoy  showing  the  0.76-m-diameter  hull  with  bottom  strut  and 
associated  electronics 


at  50.()°N,  45.0°VY.  The  Tydeman  later  joined  the  Quest 
at  her  location,  and  'hen  both  vessels  moved  to  a  new 
location  near  42.5°N,  55.0°\^'.  ,A  few  of  the  wave  in¬ 
struments  were  moored,  but  most  of  the  instruments, 
including  the  otRi,  Endeco  buoy,  were  deployed  on  a 
daily  basis  in  the  early  morning  hours.  The  deployments 
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were  conipteted  before  scheduled  12tX)  UT  aircraH  over¬ 
nights,  and  data  collection  contiruicd  throiigiiout  ilie 
morning.  The  buoys  were  retrieved  during  the  atiernoon. 
generally  before  dark.  The  Tydeman  deployed  and  al¬ 
lowed  her  buoys  to  drift  freely  with  the  current  and 
winds,  white  the  Quest  tethered  the  deployed  buoys  on 
a  long  (750-m)  line  such  that  the  buoys  drifted  as  the 
Quest  responded  to  the  w  ind  and  currents.  The  drift  rates 
for  the  Tydeman  and  the  Quest  buoys  were  smttll,  and, 
for  the  data  presented  here,  no  transformation  of  the 
measured  data  has  been  made  to  account  for  the  trans¬ 
lation  of  the  buoys. 

The  Endeco  buoys  have  rvi  transmitters  that  relay  the 
data  in  real  time.  The  buoys  also  have  solid  state  memory 
modules  that  provide  a  backup  if  the  t  si  transmissions 
of  the  data  are  not  maintained.  .'\n  Endeco  receiver  was 
used  to  collect  and  digitize  the  three  data  channels:  buoy 
double-integrated  acceleration  (heave),  north-south  tilt, 
and  east-west  tilt.  A  pop  ii  iv  processor  was  used  to  per¬ 
form  in  situ  preliminary  data  processing  and  also  col¬ 
lect  the  data  on  floppy  disks  for  post-e.\perimcnt  pro¬ 
cessing. 

The  Endeco  buoy  data  were  digitized  at  2  samples  s 
for  each  of  the  three  data  channels.  During  the  digitiz¬ 
ing  process,  the  data  were  passed  through  a  3-Hz  low- 
pass  filter.  The  data  in  the  direction  channels  were  con¬ 
verted  from  tilt  angles  to  slopes  and  engineering  units 
were  applied.  When  necessary,  the  data  were  filtered  us¬ 
ing  a  two-pole  high-pass  digital  filter  to  eliminate  elec¬ 
tronic  drift  or  offsets.  The  stationarity  of  the  data  was 
checked  to  determine  if  any  of  the  data  were  unusable. 
The  lengths  of  the  data  sets  were  then  selected.  Typical 
run  lengths  varied  from  1728  to  2304  s  with  the  number 
of  degrees  of  freedom  for  the  spectral  densities  ranging 
from  51  to  68,  respectively. 

The  DTRC  analysis  procedure  is  based  on  the  Longuet- 
Higgins’  approach  of  calculating  the  first  five  Fourier 
coefficients.  Initially,  the  auto-  and  cross-spectra  were 
calculated  using  a  fast  Fourier  transformation  (Fiti. 
Each  data  set  was  divided  into  segments  of  256  samples 
each.  A  cosine  window  was  applied  to  each  segment, 
which  was  then  overlapped  with  the  ne.xt  by  50%.  The 
real  and  imaginary  parts  of  the  cross  spectra  of  each  of 
the  three  channels  were  calculated  to  yield  the  in-phase 
and  the  quadrature  spectra.  From  these,  the  Fourier 
coefficients  were  calculated. 

The  Fourier  coefficients  were  used  to  calculate  mean 
angle,  rms  spreading,  and  directional  spreading.  The 
spreading  was  calculated  using  a  uni-modal  directional 
spreading  formulation  put  forth  by  Longuet-Higgins  et 
al.'  The  spectral  and  spreading  calculations  u,sed  by 
DTRC  have  been  detailed  by  Lai  and  Bachman.^ 

DATA  RESULTS  AND  COMPARISONS 

Forty-seven  directional  spectra  were  collected  and  ana¬ 
lyzed  from  the  Endeco  buoy  deployed  by  the  Quest.  The 
measurements  started  on  15  March  1987  and  ran  through 
25  March.  During  the  first  few  days  of  data  collection, 
the  drifting  Endeco  buoy  was  deployed  in  the  same  gen¬ 
eral  vicinity  as  a  moored  Datawell  Wavec  buoy.  The  Ma¬ 


rine  i  iivironmeiual  Datvi  Service  ot  Ottawa.  Oiii.itiu, 
Canada,  veav  rev|x>ncih!e  toi  tlw  dcpluuiiaii  and  aital>>^ 
ol  data  lor  the  Wavee  buoy  (cee  Kedev ,  m  thic  volumci 
Selected  camples  ol  theii  data  haw  been  piotsed  in  1  ly 
lire  2  along  with  parameters  trom  the  oiKt  d,ua  anah 
Sts,  I  he  parameters  plotted  include  signilic.uii  wave 
height,  modal  wave  period,  and  peak  wave  direction. 
T  he  [X-ak  wave  direeiion  is  defined  as  the  jvrcdominating 
direeiioi!  ot  wave  propagation  at  a  irequencv  cone 
sponding  to  the  modal  Irequenev  o!  the  one-dimensionai 
speciriim. 

The  significant  vvave  height  comparisons  are  well  coi 
related,  with  the  possible  excepiiott  ol  16  .Mtirch,  when 
the  Endevo  buov  was  indicating  waves  up  to  0.5  ni  highei 
than  vva.s  the  Uavec  buov.  The  modal  wave  fxriod  com¬ 
parisons  are  also  well  correlated,  mainlv  because  the 
spectra  tended  to  be  uni-modal  with  well-delined  peaks, 
Zero-crossmg-period  comparisons  viere  also  made  (but 
not  shown)  and  found  to  be  moreeloselv  corielaied  than 
were  the  modal  (X-riods,  as  would  be  exixvted.  The  most 
interesting  comparison  is  the  peak  wave  direction.  On 
some  days,  such  as  16.  P.  19.  and  20  March,  she  com 
parison  between  buoys  is  good.  On  15  March,  however, 
a  discrepancy  of  approximaielv  yO”  exists.  T  hat  date  was 
a  transition  day  with  a  soul  herb  wave  s\,!em  diminish¬ 
ing  and  winds  swinging  around  to  a  nonficrly  dirtvlion 
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Figure  2.  Comparison  of  Endeco  Wavetrack  and  Datawell 
Wavec  buoy  parameters  during  lewex.  (Aj  Significant  wave 
height,  and  (B)  modal  wave  period  show  general  agreement  (Ct 
Peak  wave  direction  shows  correlation;  however,  notable  dis 
agreement  can  be  seen  for  15  and  18  March  1987  data 


£.  (i  holey  uml  H.  J.  Boehmun 

The  peak  directions  of  Figure  2  have  been  plotted  in  the 
direction  that  the  waves  are  coming  from.  (1  his  conven¬ 
tion  is  standard  for  ship-based  estimates,  but  is  opposite 
to  that  of  many  wave  models.)  .4fter  careful  study  ol 
the  data,  it  is  the  authors’  contention  that  the  Endeco 
buoy  results  are  biased  by  shorter  wind  waves,  and  the 
results  on  15  March  incorrectly  indicate  the  predominant 
energy  direction.  About  12  hours  later,  the  Wasec  buoy 
results  show  this  same  shifting  in  energy  direction  toward 
the  north.  The  Endeco  buoy  directional  bias  toward 
shorter  wind  waves  has  made  it,  in  this  instance,  a  cor¬ 
rect  forecaster  for  a  shift  in  energy  direction.  The  poor 
correlation  on  18  March  can  also  be  explained  by  a  short 
wave  directional  bias  of  the  Endeco  instrument. 

An  interesting  day  occurred  on  20  March,  with  the 
Wavec  buoy  having  the  greater  variability  in  its  peak 
wave  direction.  The  Tydeman  joined  the  Quest  at  her 
location  on  19  March  and  then  deployed  buoys  in  the 
vicinity.  Figure  3  shows  comparisons  of  parameters  be¬ 
tween  the  DTRC  Endeco  and  Norwegian  Wavescan 
buoys.'  The  Wavescan  buoy  shows  20  .March  to  be  a 
day  much  like  15  March,  with  energy  swinging  from  a 
southerly  direction  to  a  northerly  direction.  The  Endeco 
buoy’s  directional  results  appear  to  be  well  correlated 
with  the  Wavescan  buoy  in  this  case.  Indeed,  the  peak 
directions  are  well  correlated  for  spectra  measured  later 
on  23,  24,  and  25  March.  The  significant  wave  height 


March  1987 

Figure  3.  Comparison  of  Endeco  Wavetrack  and  Seatex 
Wavescan  buoy  parameters  during  lewex.  (A)  Significant  wave 
height,  (B)  modal  wave  period,  and  (C)  peak  wave  direction  all 
show  good  agreement. 


and  modal  wave  fXTitid  parameters  also  compare  iavor- 
abiv,  as  shown  in  F  igure  3. 

fomparison  e>f  parameters  gives  a  good  indtcutioii  of 
the  functioning  of  the  lindeco  buov.  It  is.  however,  also 
interesting  to  look  at  comparisons  o)  the  entire  direc¬ 
tional  spectrum.  Cicrling/'  has  develoix'd  a  aimmon  lin¬ 
ear  wave  number  lorniai  for  eumparisun  of  remote  in¬ 
struments,  in  situ  instrumcius,  and  wave  lorecasis  and 
hindea.sf,s.  Figures  4  and  5  have  been  e.xtracied  from  tier 
ling  and  show  comparisons  of  directional  spectra  for  15 
and  16  .March  1987.  These  figures  use  the  wave-propa¬ 
gation  direction  convention  of  “toward”  rather  than 
“from,”  as  was  used  on  Idgures  2  and  3,  As  discussed 
earlier,  comparisons  between  the  lindeco  and  Wavec 
buoys  on  15  .March  were  ptxir,  and  this  difference  is  also 
seen  in  Figure  4.  The  larger  angular  spread  of  the  drift¬ 
ing  Endeco  buoy  data  is  believed  to  be  a  result  of  the 
piRC  .'osine  spreading  method  used,  as  opposed  to  the 
maximum  entropy  used  to  process  the  \\  avec  and  Wave¬ 
scan  results.  This  tendency  toward  larger  spreading  an¬ 
gles  from  the  Endeco  buoy  was  seen  throughout  the  en¬ 
tire  experiment.  Ignoring  the  differences  in  spreading, 
it  is  the  authors'  opinion  that  neither  instrument  is  tell¬ 
ing  the  complete  story.  The  predominating  system  has 
been  propagating  toward  the  north,  but  the  southerly 
wind  has  swung  to  an  easterly  direction.  This  wind  sea 
change  has  e.xcited  and  biased  the  Endeco  buoy  results. 
The  Wavec  buoy  has  failed  to  detect  these  higher  fre¬ 
quency  waves.  The  wave  models  have  incorrectly  shown 
a  complete  rotation  of  the  wind  from  south  to  north  and 
resulted  in  opposing  decaying  and  growing  wave  systems. 
Thus,  Figure  4  may  be  considered  a  classic  illustration 
of  failure  to  define  adequately  the  directional  spectrum 
either  through  a  model  or  an  in  situ  instrument. 


Model  esiifriates  Model  hindcasts 
Ship  estimates  (separate  winds)  (common  winds) 


Figure  4.  Directional  spectra  representations  for  12(Xi  UT  on 
15  March  1987  at  the  Quest  location  (50'N,  47.5”W).  The  "first 
generation"  U.S  Navy  Global  Spectral  Ocean  Wave  Model 
(GSOWM)  and  the  "second  generation"  United  Kingdom 
Meteorological  Office  iukmoi  model  are  presented  using  self¬ 
generated  and  common  wind  fields.  The  model  estimates  and 
hindcasts  indicate  opposing  wave  systems,  while  measure¬ 
ments  indicate  only  one  system  in  existence 
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Model  estimates  Modei  hindcasts 
Ship  estimates  (separate  winds)  (common  winds) 


Figure  5.  Directional  spectra  representations  for  1800  UT  on 
16  March  1987  at  the  Quest  location.  The  'first  generation"  U  S. 
Navy  Globa!  Spectral  Ocean  Wave  Model  iGsowm)  and  the  "sec¬ 
ond  generation  ’  United  Kingdom  Meteorological  Office  iukmoi 
model  are  presented  using  self-generated  and  common  wind 
fields.  The  dtrc  drifting  Endeco  buoy  shows  reasonable  agree¬ 
ment  with  the  Wavec  and  the  wave  models. 


Figure  5  shows  a  more  stabilized  situation  where  the 
nonherlies  are  predominating.  The  drifting  Endeco  buoy 
results  are  in  better  agreement  with  the  Wavec  buoy  and 
other  instruments,  although  the  Endeco  buoy  results  may¬ 
be  biased  a  little  more  toward  a  westerly  direction.  The 
models  have  indicated  a  swing  in  wind  direction,  and 
the  Endeco  buoy  may  be  once  again  biased  toward  the 
resulting  short  wind  waves. 


?r<nif  pfini*;:'  I  it  i.' .  c’/rju  ».  Hint- 

C()NCTTJ.S]ON.S 

The  authors’  experience  dunnu  iiwix  and  seserai 
other  deployments  has  punen  itie  Endeco  \Ka\etrack 
buoy  to  be  a  light weighi  and  easily  deploy  able  buoy .  I  hss 
is  significant  lor  the  Na\y,  where  deck  cranes  are  usualls 
not  available  for  buoy  deptoyrnenis.  l.i  wix  results 
showed  that  the  drilling  Endeco  buoy's  sixvtra!  estiniaies 
did  compare  favorably  with  other  tn  miu  devices.  Ihe 
Endeco  buoy  i  smaller  size  pernnis  better  definiiion  t>! 
higher  frequency  waves.  The  authors  believe,  however, 
that  in  certain  cases  the  Endeco  buoy’s  directional  deter¬ 
mination  of  lower  frequency  waves  can  be  biased  by 
shorter  wind  waves.  The  results  also  indicated  that  tfie 
DiR(  analysis  prixiess  (a  cosine  spreading  function)  tend¬ 
ed  to  spread  the  energy  over  a  broader  range  of  headings 
than  the  ma.ximum  entropy  method  (described  by  Krog- 
siad  elsewhere  in  this  volume)  used  in  the  analysis  uf  the 
other  in  situ  devices. 
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FRIEDWART  ZIEMER 


DIRECTIONAL  SPECTRA  FROM  SHIPBOARD 
NAVIGATION  RADAR  DURING  LEWEX 


During  the  Labrador  Sea  Extreme  Waves  Experiment,  an  experimental  version  of  a  shipboard  wave- 
measuring  radar  was  used  to  estimate  directional  spectra.  The  data  analysis  yields  unambiguous  wave 
spectra  using  a  three-dimensional  fast  Fourier  transformation  operating  on  a  time  series  of  radar  images. 
The  technique  can  be  employed  from  a  rapidly  moving  ship  and  in  seas  with  a  significant  wave  height 
of  up  to  at  least  9  m. 


IMAGING  WAVE  TIME  SERIES 
BY  SHIP  RADAR 

The  visual  inspection  of  wave  patterns  (sea  clutter)  dis¬ 
played  on  the  radar  screen  of  a  marine  radar  is  routinely- 
used  to  estimate  the  mean  wave  direction  and  the  mean 
wavelength. '  The  technique  to  store  such  patterns  and 
the  analysis  to  calculate  wave  image  spectra  have  been 
developed  and  improved  in  recent  years.’"*  Tlie  storage 
of  the  wave  pattern  during  the  Labrador  Sea  Extreme 
Waves  Experiment  (I.ewex)  was  achieved  by  a  photo¬ 
graphic  camera  whose  shutter  was  synchronized  with  the 
rotation  of  the  radar  scanner.  The  physics  behind  the 
sea  clutter  phenomenon  has  been  of  central  interest  for 
as  long  as  marine  radar  has  existed.  The  principles  of 
Bragg  scattering  at  the  water  surface  and  the  imaging 
of  the  wave  field  of  interest  may  be  treated  similarly  to 
other  microwave  systems. ' 

In  this  anicle,  the  discussion  is  focused  on  one  charac¬ 
teristic  feature  of  the  marine  radar.  The  low  antenna 
height  of  a  shipboard  radar  leads  to  a  perspective  in 
which  the  modulation  of  the  radar  cross  section  is  strong¬ 
ly  influenced.  Even  if  a  linear  transfer  function  from  the 
wave  field  to  the  wave  image  is  assumed'  for  a  real 
aperture  airborne  radar,  the  modulation  from  shadow¬ 
ing  causes  a  nonlinear  effect  when  imaging  waves  by  ship 
radar.'* 

Figure  1  .shows  the  essential  aspects  of  the  technique. 
Measurements  are  taken  in  both  space  and  time,  so  that 
the  sample  is  defined  in  three  dimensions.  The  Fourier 
presentation  of  this  sample  is  defined  over  the  two  wave 
number  components,  and  ky,  and  the  frequency,  w. 

The  elimination  of  the  180°  ambiguity  in  wave  prop¬ 
agation  (which  is  inherent  in  single  radar  image  analysis) 
is  an  important  result  of  the  three-dimen.sional  analysis. 
The  article  by  Rosenthal  and  Ziemer  (elsewhere  in  this 
volume)  discusses  how  the  additional  frequency  informa¬ 
tion  is  used  to  obtain  the  unique  direction  of  wave  energv 
propagation.  As  indicated  in  the  lower  part  of  Figure  I, 
the  three-dimensional  spectra  may  be  used  to  deduce  oth¬ 
er  spectral  properties.  To  apply  the  three-dimensional 
techniques  we  must  have  .sampling  that  is  sufficiently 
dense  in  space  and  time  to  obtain  an  acceptable  Nyquist 
wave  number  and  Nyquist  frequency.  A  sufficiently  long 
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Figure  1.  From  time  series  of  wave  pattern  to  different  presen¬ 
tations  of  asymmetric  wave  image  spectra.  The  dimensions  of 
the  spectral  arguments  are  given  as  superscripts  in  parentheses 
Arguments  are  the  wave  numbers  k,  and  the  frequency 
and  the  direction  ii.  The  spectrum  of  the  mean  wave  direction 
is 


lime  series  and  correspondingly  large  surface  area  are 
required  as  well,  so  as  to  include  the  portion  of  the  dis¬ 
persion  shell  eontaining  the  wave  energy. 
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SPECTRAL  PRESENTATIONS  AND 
THEIR  INTERCONNECTIONS 

Wave  measuremenis  may  be  taken  in  differem  sample 
spaces,  depending  on  the  equipment  used  (e.g.,  (he  sam- 
pie  space  for  the  image  of  a  wave  field  is  defined  by  the 
Cartesian  coordinates  ,v  and  The  transit ioti  from  the 
sample  space  to  the  spectral  presentation  is  obtained 
through  a  Fourier  transformation.  The  spectrum  of  an 
image  of  a  wave  field  is  defined  over  (positive  for 
east-traveling  waves)  and  k,  (positive  for  north-travel¬ 
ing  waves).  The  dimension  of  the  Fourier  space  over 
which  the  spectrum  is  defined  depends  on  the  dimension 
of  the  sample  space.  The  most  important  spectral  prop¬ 
erties  and  their  interrelations  are  given  in  Figure  2.  For 
clarity,  the  dimensions  of  the  argument  of  the  spectra 
are  given  as  superscripts  in  parentheses. 

On  the  top  of  Figure  2,  the  three-dimensional  presen¬ 
tation  is  given  by  the  output  of  a  three-dimensional  fast 
Fourier  transformation.  On  the  left-hand  side  are  given 
the  two-dimensional  presentations,  as  they  result  from 
single-image  analysis.  On  the  right-hand  side  of  Figure  2, 
the  presentations  are  given  from  the  analysis  of  time  se¬ 
ries  measurements.  The  interrelations  between  the  multi¬ 
dimensional  and  the  one-dimensional  spectral  types  arc 
given  by  integrations  and  by  transformations  of  coor¬ 
dinates,  assuming  linear  gravity  wave  dispersion.  For  the 
other  transfer  direction  (from  one-dimensional  to  multi¬ 
dimensional  presentations),  a  weighting  function  for  the 
directional  distribution  of  the  wave  energy  must  be  a.s- 
sumed. 


flic  most  com|iletc  spectral  presentation  of  the  sea 
stale  is  given  by  the  three-dimensunial  1  ouriei  traiisfor 
maiion,  which  is  discussed  in  more  detail  in  the  article 
by  Rosenthal  and  Ziemer  in  this  volume.  Here  we  Ibllow 
the  transform  trom  the  top  of  Figure  2  to  the  left  side, 
by  considering  only  positive  frequencies  for  the  iniegra 
tion.  Positive  frequencies  are  related  to  the  wave  number 
vector  through  the  unique  and  correct  direction  ol  prop¬ 
agation, 

/■■'-’(A)  =  (  r'-  (U)  (L-  .  (I) 

This  technique  provides  unambiguous  results  from  the 
frequency  u.-  =  Au;,  2  up  to  the  Nsquist  limit.  The  im¬ 
pact  of  the  Doppler  shift,  when  the  measurement  is  taken 
from  a  moving  ship,  is  discussed  later  in  this  article.  Fig¬ 
ure  2  gives  the  relation  to  the  one-dimensional  presenta¬ 
tion,  neces.sary  tor  the  analysis  discussed  later.  The  fre¬ 
quency  spectrum  /•''"(«-•)  and  the  co-  and  quad-tre- 
quency  spectra  (C),'’(u.')  and  G'/'lu;)),  as  they  are  known 
from  analysis  of  pitch  and  roll  buoy  series,  arc  equiva¬ 
lent  to  the  directional  integrals  of  the  corresponding  cross 
spectra.  The  resulting  mean  direction,  as  well  as  the 
directional  spread,  is  independent  of  the  absolute  calibra¬ 
tion  of  the  measurement  system. 

IMAGING  W  AVE  TIME  SERIES 
FROM  A  RAPIDLY  MOVING  SHIP 

For  the  improvement  of  data  quality,  the  integration 
in  Equation  1  is  not  performed  over  the  full  threc-dimen- 
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Figure  2.  Different  spectral  presen 
tations  and  their  interconnections 
Top:  three-dirnensional  spectra.  Left 
side:  two-dimensional  spectra,  Right 
side:  one-dimensional  spectra.  C„ 
and  O,,  denote  co-  and  quad-fre¬ 
quency  spectra.  DU.  ti)  denotes  a  suit¬ 
able  synthetic  weighting  function. 
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sional  .space.  To  avoid  noise  signals  resulting  tVom  other 
than  the  wave  field  of  interest,  only  those  energies  that 
lie  inside  a  small  spectral  window  close  to  the  dispersion 
shell  (i.e.  inside  an  interval  given  by  the  resolution 
ecu'*)  were  summed.  The  speed  of  a  ship  relative  to  the 
body  of  water  carrying  the  wave  field  results  in  a  “cur¬ 
rent  of  encounter”  that  Doppler  shifts  the  wave  frequen¬ 
cy.  Thus,  for  the  definition  of  a  spectral  window  around 
the  dispersion  shell,  the  distortion  by  this  Doppler  shift 
must  be  known.  If  no  current  of  encounter  affects  the 
sampling  of  a  wave  w  ith  the  wave  number  k,  its  frequen¬ 
cy  is  given  by  the  isotropic  dispersion  relationship  ayr 
=  gk  tanh  kh,  where  g  is  the  acceleration  caused  by 
gravity  and  h  is  water  depth.  The  same  wave,  observed 
from  a  ship  moving  with  the  velocity  «,  seen  from  the 
nonisotropic  frequency  of  encounter  has  the  frequency 
described  by 


“  w',,  +  (k  ■  u)  .  (2) 

In  Figure  3  the  intersection  lines  of  the  dispersion  re¬ 
lation  are  plotted  within  the  frequency-wave  number 
plane  for  different  speeds  of  the  ship  (in  steps  of  5  kt). 
The  plane  is  oriented  in  the  direction  of  the  ship  head¬ 
ing;  that  is,  the  ship  is  assumed  to  travel  in  the  positive 
k^.  direction,  whereas  the  k,  axis  lies  normal  to  the 
plotted  plane. 

Isolines  of  the  energy  of  a  hypothetical  wave  package 
traveling  in  the  direction  of  the  ship  heading  are  plotted 
in  Figure  3,  for  various  speeds.  This  demonstrates  the 
impact  of  the  resulting  Doppler  effect.  The  energy  of 
the  same  wave  package  is  shifted  parallel  to  the  frequen¬ 
cy  axis  when  ship  speed  changes.  For  higher  ship  speeds, 
the  frequencies  of  encounter  at  higher  wave  numbers 
may  become  negative.  To  avoid  ambiguous  results,  the 
separation  between  the  energy  with  the  unique  wave 
direction  from  its  mirror  image  must  be  defined  by  a 
plane  described  by 


-  (k  ■  u)  ~  0  . 


COMPARISON  OF  SHIP  RADAR  SPECTRA 
WITH  WAVESCAN  BUOY  SPECTRA 

Good  comparisons  between  the  ship  radar  and  the 
Wavescan  buoy  were  made  on  each  day  from  14  through 
19  March  1987.  The  sequence  of  intercomparisons  is 
shown  in  Figure  4.  All  ship  radar  spectra  were  calculated 
using  Equation  1.  Consequently,  these  spectra  give  the 
unambiguous  direction  of  wave  energy  propagation.  The 
signal-to-noise  ratio  was  increased  by  employing  spectral 
window  filtering  (as  discus.sed  earlier). 

The  NNW-propagating  dispersive  swell  at  1200  UT 
on  !4  and  15  March  1987  was  clearly  detected  by  the 
ship  radar  as  well,  and  are  good  examples  of  asymmetric- 
image  spectra  that  describe  unimodal  wave  conditions. 
Similar  unimodal  conditions  could  be  identified  by  the 
ship  radar  on  18  and  19  March  as  well.  These  situations 
are  easy  to  detect  by  buoys  as  well  as  by  imaging  instru¬ 
ments  because  the  ambiguous  part  of  the  spectra  may 
simply  be  ignored.  More  important  for  the  intercompar- 


Figure  3.  Intersection  lines  of  the  wave  dispersion  shell  with 
the  {#(,, plane,  for  different  speeds  (0  to  20  kt  in  5-kt  incre¬ 
ments).  For  the  different  speeds,  the  isolines  of  a  wave  pack¬ 
age  traveling  with  the  ship  are  given.  Energy  propagation  is  given 
in  the  "coming  from"  direct 


ison  discussion  are  the  results  from  !6  March  at  1800 
UT  and  17  March  at  1200  UT,  when  a  more  complicat¬ 
ed  situation  was  encountered.  Both  events  demonstrate 
the  advantage  of  the  dispersion  technique,  since  two  ISC'* 
opposing  wave  systems  with  similar  wavelengths  existed 
and  were  independently  verified  by  the  buoy  on  each  of 
these  days. 

For  other  (instantaneous)  imaging  systems,  this  bimo- 
dal  structure  in  the  wave  field  is  ambiguous.  Direct  sepa¬ 
ration  of  the  two  systems  is  not  possible  from  single  time 
step  measurements.  On  16  March  at  1800  UT.  a  relic 
of  the  NNW-propagating  swell  with  wavelengths  close 
to  100  m  was  still  detected  by  the  ship  radar.  ,At  the  same 
time,  a  new  swell  system  traveling  toward  SSE  with  a 
dominant  wavelength  of  170  m  was  detected,  in  agree¬ 
ment  with  the  buoys. 

On  17  March  at  1316  UT,  the  ship  radar  detected  rap¬ 
id  changes.  (See  Fig.  2A  of  Rosenthal  and  Ziemer  in  this 
volume.)  A  long  swell  heading  to  30°  had  arrived.  Ad¬ 
ditionally,  an  opposing  swell  heading  to  210°  was  also 
detected.  This  spectrum  is  rotated  clockwise  compared 
with  most  other  measurements.  But  considering  the  time 
shift  of  one  hour  (1200  UT  is  the  comparison  time)  and 
the  clockwise  rotation  of  both  wave  systems  as  confirmed 
at  1800  UT  by  most  of  the  other  measurement  systems, 
this  result  seems  reasonable. 

Thus,  for  the  intercomparisons  between  instruments 
and  models,  the  asymmetric  image  spectra  from  the  ship 
radar  can  resolve  many  of  the  discrepancies  between  the 
directional  features  of  the  observed  and  modeled  wave 
fields. 
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Wavescan  Ship 

buoy  radar 


Figure  4.  Wave  number  spectral  intercomparisons  of  ship  ra¬ 
dar  at  the  Tydeman  with  the  Wavescan  buoy  for  six  days  dur¬ 
ing  LEWB<.  Plots  are  linear  in  wave  number  /ith  the  outer  circle 
at  2jr/100  rad/m. 


ESTIMATE  OF  THE  SIGNIFICANT 
WAVE  HEIGHT 

To  get  an  independent  estimate  of  the  significant  wave 
height  from  the  ship  radar,  a  one-dimensional  transfer 
function,  77-,  was  defined  as  the  ratio  of  the  radar  spec¬ 
trum  divided  by  the  spectrum  of  the  wave  field, 
parameterized  for  two  frequency  intervals  by 


Dtremonai  Spectra  Jrom  Shtphoarti  \a\  KutJur 

Tl'(  f)  =  const. /'I  -  .  (3) 

The  exponent  b,  that  is  valid  in  Equation  3  for  low  fre¬ 
quencies  is  assumed  to  be  a  function  of  the  particular 
radar.  As  shown  in  Ref.  4,  the  shadowing  at  high  fre¬ 
quencies  causes  the  exponent  b;  to  be  a  function  of  the 
wave  field  itself.  Therefore  a  general  reference  must  be 
defined.  For  the  1 1  w t  \  data  set  the  actual  exponent  b; 
was  estimated  by  fitting  the  radar  spectrum  to 

£•(/)  =  ag'(2x)  y  ‘  (4) 

in  the  saturated  portion  of  the  wind  sea  spectrum  (/  > 
1.2y,,  where/,,  is  the  frequency  at  maximum  energy). 
The  Phillips  parameter  a  was  assumed  to  be  constant 
in  this  part  of  the  spectrum,  with  a  value  of  o  =  0.008. 

From  Ref.  4  the  exponents  b,  were  fitted  for  each 
measurement  and  applied  to  the  spectra.  The  constant 
factor  in  Equation  3  was  fitted  from  the  wind  sea  as  well, 
but  used  for  the  full  spectrum.  The  significant  wave 
heights  that  were  evaluated  from  the  radar  measurements 
on  board  HNLMS  Tydeman  by  this  method  were  com¬ 
pared  with  the  results  of  the  other  instruments.*’  The 
correlation  coefficients  from  a  least  squares  linear  regres¬ 
sion  analysis  were  as  follows; 


Number  of 


Wave  sensor 

samples  compared 

Correlation 

Delft 

22 

0.923 

Wavescan 

13 

0.796 

Infrared  sensor 

20 

0.801 

Wavee 

17 

0.840 

Observation  times  differed  considerably  between  mea¬ 
surement  systems.  The  buoys  were  sampled  over  30  min, 
whereas  the  radar  was  sampled  only  over  60  s.  For  a 
more  detailed  statistical  check  of  this  comparison  it 
would  be  necessary  to  sample  and  average  radar  mea¬ 
surements  during  the  full  period  of  buoy  measurements. 
Nevertheless,  these  results  give  a  hint  that  this  method 
of  estimation  holds  promise  for  obtaining  ab.solute  value 
wave  energy  spectra  from  radar  measurements. 

As  an  example  of  a  measurement  of  a  high  sea  state, 
the  data  set  discussed  above  was  extended  during  a  cam¬ 
paign  that  occurred  in  November  1988,  in  cooperation 
with  the  German  Hydrographic  Institute  (Dhd,  the  Nor¬ 
wegian  Meteorological  Institute,  the  Statoil  Company, 
and  ciKS.s  Research  Institute.  During  this  campaign  the 
research  vessel  Gauss  of  otii  operated  for  three  weeks 
in  the  Statfjord  field  situated  100  nmi  west  of  the  Nor¬ 
wegian  coast. 

Figure  5  shows  a  time  series  of  significant  wave  heights 
over  a  48-hour  period  that  contained  an  8-hour  period 
where  the  wind  speed  exceeded  30  m.'s,  surrounded  by 
a  20-hour  period  where  the  wind  speed  exceeded  25  m  s. 
The  figure  gives  the  results  of  the  significant  wave  height 
calculated  from  the  measurements  of  four  different  sen¬ 
sors.  Two  instruments  {the  Wavee  and  the  W  ave  rider) 
were  housed  in  moored  buoys,  fhe  other  two  time  scries 
are  results  from  the  navigation  radars  on  board  the 
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Figure  5.  Time  series  of  significant  wave  heights  calculated 
from  measurements  of  four  different  sensors  in  the  Statfiord 
A's  field  (November  1986), 


Gauss  and  on  board  the  drilling  rig  MS  Stai/jord  A.  The 
significant  wave  heights  from  the  radar  measurements 
were  estimated  as  described  earlier.  The  good  agreement 
between  the  wave  height  time  series  from  the  different 


sensors  is  another  indication  that  the  transfer  function 
of  the  ship  radar  (Eq.  3)  is  well  estimated. 

CONCLUSIONS 

Although  only  an  experimental  version  of  the  ship  ra¬ 
dar  technique  was  used  during  x  and  other  similar 
campaigns,  wave  measurements  have  already  proven  to 
be  important.  This  sensor,  which  is  available  on  board 
every  ship,  can  perform  wave  measurements  during  a 
ship’s  cruise  without  any  added  time  consumption.  The 
results  provide  an  unambiguous  direction  of  wave  prop¬ 
agation.  We  therefore  expect  an  increase  in  marine  radar 
measurements  of  this  type  in  the  near  future. 
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AIR  AND  SPACE  MEASUREMENTS 

IN  WHICH  AIRBORNE  AND  SPACEBORNE  RADAR 
TECHNIQUES  FOR  ESTIMATING  THE  DIRECTIONAL 
OCEAN  WA  VE  SPECTRUM  ARE  DESCRIBED 

AND  EVALUATED 


I  DWARD  J  WAI  SJt 


SURFACE  CONTOUR  RADAR  DIRECTIONAL 
WAVE  SPECTRA  MEASUREMENTS  DURING  LEVVEX 


Measurements  ol' direefiona!  svase  s|X‘etia  made  with  the  Smlaa-  (  I'litom  Radar  m  Mareli  IVS"  aic 
presented  and  analyzed.  Ihe  spatial  variation  ol  the  piopatjaiion  direetioiiv  on  caeh  dav  is  used  lo  sag 
gest  possible  source  regions  of  the  wave  fiekls.  {  he  results  are  also  used  to  inter  liu*  temjHna!  vanabiliu 
that  might  be  sensed  by  stationary  in  situ  instruments. 


INSTRUMENTATION 

The  St  K  (Surface  CoiUtuir  Radar)  is  a  s  \s  \  t  itiddard 
Sptice  Might  Center  .)6-CiU/  conipiiter-eontrollal  airKiriK- 
radar'  that  generates  a  false-cokir-cixled  elevation  map 
of  the  sea  surface  below  the  aircraft  in  real  time.  With 
post  flight  data  processing,  it  produces  txean  directional 
wave  .spectra.  The  st  r  is  a  straightforward  renuite  sens¬ 
ing  instrument.  Data  interpretation  is  easy  since  the  st  k 
yields  a  direct  range  measurement.  Data  fiom  the  st  r 
have  led  to  a  new  mode!  to  describe  how  a  fetch-limited 
wave  field  evolves.' 

Figure  1  shows  the  nominal  measurement  geometry 
of  the  sc  R  and  the  horizontal  resolutions  in  terms  of  the 
aircraft  altitude,  h.  An  oscillating  mirror  scans  a  0.%°  > 
1.42°  haif-power-width  pencil  beam  laterally  to  measure 
the  elevations  at  fifty-one  evenly  spaced  points  on  the 
surface  below  the  aircraft.  At  each  point  across  the 
swath,  the  sc  r  mea.sures  the  slant  range  to  the  surface 
and  corrects  in  real  time  for  the  off-nadir  angle  of  the 
beam  to  produce  the  elevation  of  a  given  point  with  re¬ 
spect  to  the  horizontal  reference.  As  the  aircraft  ad¬ 
vances,  the  sc  R  produces  a  topographic  map  of  the  sur¬ 
face  below  by  generating  these  raster  scan  lines  at  up 
to  20  Hz.  A  two-dimensional  fast  Fourier  transform 
(HT)  is  used  to  tran.sform  this  rectangular  tofsographic 
map  into  a  directional  wave  spectrum.’ 

W'henever  elevation  data  are  transformed  using  a  two- 
dimen.sional  f  t-T.  a  180°  ambiguity  e.xists  in  the  wave 
propagation  direction  because  the  elevation  data  could 
represent  waves  propagating  in  cither  direction.  In  gener¬ 
al,  we  can  clearly  determine  which  lobes  in  each  spec¬ 
trum  are  artifact  lobes  by  comparing  Doppler-correctcd 
spectra  for  different  ground  tracks. 

Doppler  corrections  to  compensate  for  the  wave  trans¬ 
lation  over  the  data  acquisition  interval  arc  applied  to 
all  wave  components  during  data  processing.  The  cor¬ 
rections  shift  the  real  lobes  of  the  spectrum  into  their 
proper  positions  but  double  the  Doppler  shift  for  the 
artifact  lobes.  Therefore,  the  anifact  lobes  in  the  cor¬ 
rected  spectra  do  not  take  positions  symmetrical  from 
the  real  lobes  but  shift  along  (he  direction  of  the  air¬ 
craft  velocity  vector.' 
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Figure  1.  Measurement  geometry  of  the  scft  and  the  hori.^on 
lal  resolutions  in  terms  of  aircraft  altitude  tm 


DATA  C'OLI  ECTiON  STRATECiV 

During  the  Labrador  Sea  Extreme  Waves  [Aperiment. 
s<  R  data  were  collected  on  14,  16,  and  17  March  1987. 
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The  bottom  portions  of  Figure  2  indicate  in  plait  view 
the  ground  track  over  which  st  r  data  were  acquired  on 
those  days,  fhe  positions  of  the  research  ships,  the 
CFAV  Quest  and  HNl.MS  Tydenum,  are  indicated  by 
the  large  circles  with  inscribed  crosses.  Ihe  ground  tracks 
on  ail  three  days  proceeded  from  east  to  west.  The  ir¬ 
regular  path  was  used  to  help  sort  out  the  ItiO"  arnhigui 
ties  in  wave  propagation. 

The  middle  portions  of  Figure  2  show  the  sanation 
with  longitude  of  the  direction  of  propagation  at  the 
peak  of  the  various  wave  field  components  observed  in 
the  St  K  spectra  at  the  kx;ations  indicated  in  the  bottom 
portions  of  the  figure.  On  all  three  days  the  dominant 
wave  field  propagated  generally  toward  either  the  north 
(14  March)  or  the  south  (16-17  March),  and  a  trend  oi 
the  propagation  direction  with  longitude  was  apparent. 

Figures  3.  4,  and  5  show  directional  wave  spectra  for 
the  three  study  days;  the  contour  lines  are  at  intervals 


of  1  dH,  the  lowest  ..oiiustn  briiij;  at  rise  same  level  in 
absviluic  N[xs.tiai  deisMts  tor  all  siscvtia  I  hc  anitacs  lotves 
m  these  tigures  are  marked  by  a  laigc  \.  .VImi  vhowfi 
lor  reference  arc  the  kvatioio  o!  ;x-jk  s|xvtfa  ttinn  tsie 
Radar  (kean  U  ave  SfX'ctfometC!  (.fa^ksism  this 

volume)  when  the  otunates  were  wnhm  abi>u!  50  km 
and  2  h  of  the  -a  R. 

I  sgute  }  shows  V  k  sjxvtra  lot  14  Maich  soitcsixind 
itig  to  the  lexaiioiis  indicated  by  tiie  tlnce  snhd  ciSsics 
on  (he  plan  view  at  the  bottom  (ieti)  o!  i  igtife  2  Ihe 
wave  field  has  two  components:  one  itav cling  slightly 
vsest  o!  north  and  one  traveling  shghtlv  s<>uih  of  vsest 
l  or  the  spectrum  at  the  right,  whicli  vsas  t.ikeii  ncai  the 
I  vdeman.  the  fX'ak  c>f  the  north  propagaiing  wave  tiekl 
Is  6dB  greater  than  that  o!  the  wesi  ptopagating  sysiem 
For  the  middle  sivctrum  of  Ftguie  3,  which  was  taken 
(x-tween  the  Qucm  and  the  Tydemufi.  the  north  propa 
gating  wave  field  [x-ak  had  increased  by  I  dfi.  while  the 
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Figure  2.  Variation  with  longitude 
ot  the  wavelength  (top)  and  direction 
o!  propagation  (middici  ot  the  vanous 
wave  fields  present  on  14  (lehc  16 
(middle),  and  17  March  (nghti  Domi 
nant  wave  fields  are  represented  by 
circles,  secondary  wave  fields  by 
squares,  and  tertiary  wave  fields  by 
mangles  Plan  views  of  the  locations 
of  the  sen  directional  wave  .spectra 
for  each  day  are  shown  at  me  txst 
tom  The  small  circles  Show  Ihe  cen 
ters  of  fhe  data  spans,  the  large 
circles  with  inscribed  crosses  show 
the  locations  of  the  ships  Quest  and 
Tydeman.  and  the  solid  circles  indi¬ 
cate  locations  of  spectra  shown  m 
Figures  3.  4  and  5 


1400  UT  1330  UT  1300  UT 


Figure  3.  Directional  wave  number 
spectra  for  14  March  1987  at  the  lo¬ 
cations  indicated  by  solid  circles  on 
the  Figure  2  plan  view  (tx>!tom)  Con¬ 
tour  lines  are  at  1-dB  intervals  m  units 
of  mifrad  Artifact  lobes  caused  by 
180'  ambiguities  are  marked  by  an  X 
Note  the  rapidly  growing  easterly 
wave  systern  near  the  Quest  Color 
overlays  are  estimates  from  nearly 
coincident  (generally  within  50  km) 
BOWS  spectra  (Jackson,  this  volume) 
at  either  a  3  or  t  dB  level  from  peak 
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Figure  4.  Same  as  Figure  3  except 
for  16  Marcfi  Note  the  rapidly  in 
creasing  strength  of  the  northerly 
wave  system  shoreward  of  the 
Quest. 


Figure  5.  Same  as  Figure  3  except  for  17  March  Note  the  evidence  of  two  nearly  opposing  wave  systems  in  the  spat  any 
evolving  spectra. 


west-propagating  system  increased  by  2  dB.  In  the  left 
spectrum,  taken  west  of  the  Quest,  the  north-propagating 
system  had  diminished  by  4  dB,  while  the  west-traveling 
wave  field  had  grown  by  another  2  dB,  making  it  the 
stronger  system  at  that  position.  A  similar  evolution  is 
seen  in  the  rows  spectra. 

The  aircraft  ground  track  for  the  middle  spectrum  in 
Figure  3  was  to  the  north,  and  the  ground  tracks  for 
the  left  and  right  spectra  were  to  the  south.  The  artifact 
lobes  in  the  middle  spectrum  of  Figure  3  were  shifted 
significantly  to  the  north  (in  the  direction  of  the  aircraft 
velocity  vector)  relative  to  the  artifact  lobes  in  the  left 
and  right  spectra,  as  expected. 

Figure  4  shows  three  spectra  for  the  positions  indicated 
by  the  solid  circles  in  the  16  March  plan  view  at  the  bot¬ 
tom  (center)  of  Figure  2.  The  dominant  wave  system  was 
propagating  toward  the  south  and  was  weakest  near  the 
Tydeman  (right  spectrum).  Toward  the  west,  the  strength 
of  the  system  increased,  and  the  direction  of  propaga¬ 
tion  rotated  clockwise.  Two  of  the  spectra  suggest  the 
presence  of  a  weak  secondary  system  propagating  slightly 
north  of  west.  The  nearly  coincident  rows  spectra  show 
good  agreement  with  the  scr. 

Figure  5  shows  four  spectra  from  17  March  for  the 
positions  indicated  by  the  solid  circles  at  the  bottom 
(right)  of  Figure  2.  The  Doppler-shift  analysis  suggests 
that  the  spectrum  on  the  far  right  of  Figure  5  (closest 
to  the  Tydeman)  contained  two  wave  systems  of  about 
equal  wavelengtn  propagating  in  opposite  directions,  one 
north,  the  other  south.  The  suuth-propagating  wave  field 
became  dominant  and  rotated  clockwise  as  the  aircraft 
progressed  toward  the  west.  The  propagation  direction 
for  the  north-traveling  wave  field  rotated  counterclock¬ 


wise  as  the  aircraft  liavelcd  toward  the  west.  Ihus.  the 
two  wave  fields  and  their  artifacts  arc  quite  clear  in  ihe 
two  spectra  on  the  left  of  the  figure,  hut  csidcni  only 
in  the  subtle  extrusions  of  the  two  spectra  on  the  right. 

Had  the  st  r  ground  track  been  toward  the  east  in¬ 
stead  of  the  west,  each  artifact  in  the  s(xx'irum  on  the 
right  of  Figure  S  would  have  been  pushcxl  toward  the 
cast,  away  from  the  real  lobe  of  the  other  wave  system 
instead  of  into  it,  which  was  seen  for  the  westward  track. 
For  an  eastward  ground  track,  the  lobes  and  their  arti¬ 
facts  might  have  appeared  distinct,  even  in  the  spectrum 
on  the  right  of  Figure  5. 

The  weak  tertiary  wave  field  that  was  observed  bncfly 
appears  as  an  extrusion  of  the  lowest  contour  in  the  sec¬ 
ond  spectrum  from  the  right  in  1  igurc  5. 

IDENTIFYING  PARTICULAR 
WAVE  FIELDS 

Figure  6  shows  gnomic  projections  in  which  radials 
from  each  observation  point  were  extended  in  the  recip¬ 
rocal  of  the  propagation  direction.  These  extensions  were 
used  to  see  if  source  regions  could  be  identified  for  the 
various  wave  fields.  On  14  March,  the  north-propagating 
system  appears  to  have  been  generated  in  the  region 
around  44°N,  44°W.  The  west-propagating  wave  field 
appears  to  have  been  locally  generated. 

On  16  March,  the  south-propagating  system  appears 
to  have  originated  near  54°N,  47° V\';  on  17  March,  it 
shifted  slightly  eastward  to  54°N,  46°VV.  Figure  6  sug¬ 
gests  that  the  region  of  generation  for  the  north-prop¬ 
agating  system  on  17  March  was  near  47°N.  46°W.  The 
tertiary  wave  field  briefly  observed  on  17  March,  indi- 
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cated  by  the  three  radials  diverging  through  47,5’N. 
•WW,  appears  to  have  been  locally  generated. 

The  radials  in  Figure  6  for  the  secondary  wave  system 
propagating  toward  the  northwest  on  16  March  are  am¬ 
biguous.  probably  because  the  secondary  wave  field  was 
indistinct  in  the  spectra  (Fig.  4).  thus  making  it  difficult 
to  determine  where  its  peak  was. 

The  top  portions  of  Figure  2  show  wavelength  infor¬ 
mation  for  the  primary  (circles),  secondary  (squares),  and 
tertiary  (triangles)  wave  fields.  The  wavelength  of  the 
dominant  wave  system  observed  on  14  March  was  the 
longest  during  the  three-day  period.  On  both  14  and  16 
March,  a  clear  separation  in  wavelength  between  the 
dominant  and  secondary  wave  systems  was  obsened,  the 
secondary  system  having  the  shorter  wavelength. 

On  17  March,  data  from  the  wavelength  (top)  ponion 
of  Figure  2  to  the  west  of  48°^',  where  the  primary  and 
secondary'  wave  systems  were  distinct  (see  Fig.  5),  suggest 
that  the  primary  wave  system  had  a  slightly  longer  wave¬ 
length.  The  tertiary  wave  system  had  the  shortest  wave¬ 
length.  To  the  east  of  48''W  on  17  March,  the  primary 
and  secondary  wave  systems  and  their  Doppler-shifted 
artifacts  coalesced,  and,  therefore,  the  wavelength  deter¬ 
mination  was  not  reliable.  In  that  region,  the  dominant 
wave  system  had  the  longer  wavelength  on  the  north- 
northwest  ground  track,  while  the  secondary  system 
wavelength  was  longer  on  the  two  west-southwest 
ground  tracks.  This  erroneous,  abrupt  interchange  results 
from  contamination  by  the  Doppler-shifted  artifacts. 

COMPARING  SPATIAL  AND  TEMPORAL 
WAVE  MEASUREMENTS 

Figure  7  presents  an  analysis  of  the  effect  of  try-ing 
to  compare  the  nearly  simultaneous  spatial  measure¬ 
ments  made  by  the  airborne  scr  with  the  in  sHu  tem¬ 
poral  measurements.  The  analysis,  which  used  a  log  wave 
number  versus  linear  time  format,  assumes  that  each 
wave  component  observed  by  the  scr  at  any  location  on 
a  given  day  was  part  of  a  spatially  homogeneous  wave 
field  that  would  be  seen  by  the  in  situ  sensors  at  both 
ship  locations.  This  premise  is  not  strictly  correct,  since 
Figure  6  indicates  that  the  wave  fields  frequently  diverged 
irom  nearby  source  regions  and  propagated  at  different 
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Figure  7.  The  tunes  (circles)  at  which  the  Quest  (top)  and  the 
Tydeman  (txitlom)  would  have  observed  a  particular  wave  sys 
tern  measured  by  the  sen  near  the  times  indicated  by  the 
dashed  vertical  lines  Major  vertical  divisions  are  at  0000  UT  on 
the  days  m  March  indicated  Radials  extend  from  the  circles 
to  indicate  the  directions  of  propagation 


angles  at  the  two  ship  locations.  But  the  analysis  still 
gives  a  sen.se  of  the  problem  involved  in  comparing  spa¬ 
tial  and  temporal  measurements. 

The  dashed  vertical  lines  in  Figure  7  indicate  the  aver¬ 
age  times  of  the  scr  data  acquisition  intervals,  which 
la.sted  for  about  one  hour  each  day.  The  circles  in  Figure 
7  show  the  times  at  which  the  Quest  or  the  Tydenmn 
would  observe  a  panicular  wave  system  measured  by  the 
sf  R.  The  radials  extending  from  the  circles  indicate  the 
directions  of  piopagation,  but  not  the  strengths  of  the 
systems.  The  time  difference  between  each  sc  r  measure¬ 
ment  and  the  projected  ship  observation  was  calculated 
using  the  direction  of  propagation  and  the  group  velcK- 
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iiy.  Figure  7  showi  that  the  sc  k  obsersations  ot  the  wesi- 
propagating  system  on  14  March  would  hav  e  been  spread 
out  over  about  13  hours  in  the  in  sifu  measurements 
made  by  the  Quest  and  the  Tydeman. 
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DIRECnONAL  SPECTRA  FROM  THE 
RADAR  OCEAN  WAVE  SPECTROMETER 
DURING  LEWEX 


Directional  wave-hLighi  spectra  and  mean  surtace  roughness  (wind  vector)  were  estimated  bv  usiue 
the  airborne  radar  ocean  wave  spectrometer  during  the  l  abrador  Sea  I  \treme  Waves  lApennsent  on 
14-18  March  1987.  The  spectral  estimates  compare  vvell  vvith  surtace  contour  radar  and  buoy  estimates. 
On  all  four  days,  the  observed  spectra  exhibit  a  significant  spatial  evolution,  which  can  be  used  to  infer 
swell  source  regions. 


INTRODUCTION 

The  N  \s,\/CiC'idard  Spacx’  Flight  Center’s  radar  tKean 
wave  spectrometer  irowsi  is  a  14-GH/  noncoherent 
pulse-compression  radar  that  has  been  used  for  several 
years  to  test  the  effectiveness  of  a  psitential  satellite  wave- 
measuring  system.'  '  Usually  the  rows  is  manually  cy¬ 
cled  between  two  modes,  a  spectrometer  mode  and  an 
altimeter  mode.  The  measurement  geometries  for  the  two 
modes  are  shown  in  Figures  i  and  2,  respectively.  In  the 
spectrometer  mode,  surface  rellectivity  variations  as¬ 
sociated  with  surface  wave  tilts  in  the  plane  of  incidence 
are  sensed  as  a  function  of  delay  time  or  slant  range 
through  a  low-gain,  6-rpm  conically  scanning  antenna 
that  has  a  10°  elevation  by  4°  a/imuth  beamwidth  and 
is  boresighted  to  16°  incidence.  The  slant-range  resolu¬ 
tion  is  about  2  m,  and  the  nominal  surface- range  reso¬ 
lution  is  about  8  m  around  13°  incidence,  the  nominal 
angle  of  peak  power  return.  At  a  nominal  aircraft  alti¬ 
tude  of  6  to  7  km,  the  antenna  footprint  on  the  surface 
measures  about  1  km  in  range  and  500  m  in  azimuth. 
Thus  at  any  instant  the  area  illuminated  by  the  (com¬ 
pressed)  pulse  is  a  strip  measuring  some  8  m  in  range 
and  500  m  in  azimuth.  Electromagnetic  wave  and  ocean 
Fourier  wave  component  phase-front  matching  across 
the  azimuthal  extent  ol  the  illumination  pattern  provides 
the  directional  selectivity,  A  3-dB  angular  spectral  reso¬ 
lution  varying  between  about  30°  for  a  300-m  water  wave 
and  17°  for  the  shortest  waves  measured  (24  m)  is  deter¬ 
mined  by  the  combination  of  finite  footprint  extent, 
wave-front  curvature,  and  a  15°  antenna  movement  dur¬ 
ing  the  0.4-s  pulse  integration  time.  Corrections  for  wave- 
front  curvature  in  the  elevation  plane  are  performed  in 
the  conversion  from  signal  delay  time  to  surface  range, 
so  the  wave  number  resolution  is  determined  .solely  by 
the  finite,  approximately  1200-m  range  extent  of  the  an¬ 
tenna  footprint. 

During  the  Labrador  Sea  Extreme  Waves  Experiment 
(lEW'EX),  square-law-dctected  pulse-return  data  were 
recorded  at  6-bit  resolution,  and  spectra  were  computed 
off-line  by  one-dimensional  fast  Fourier  transforms  of 
normalized,*  motion-corrected,  rewindowed  power  rc- 


neciivity  data  for  15°  azimuth  bins.'  Stable,  full-reso 
luiion  directional  sjxvtra  wnh  70  lo  120  dcgiccs  of 
freedom  per  clcmeniary  wave  number  and  directional 
bin  arc  prtxluccd  by  the  tollowing  methexi:  til  correct¬ 
ing  fo'  the  point  target  response.  (2)  subtracting  a  fad¬ 
ing  noise  background,  (3)  averaging  the  turn-by-iurn 
computed  spectra  for  files  consisting  of  some  18  to  30 
antenna  rotations  (3-  to  5-min  riles),  and  (4)  averaging 
azimuth  looks  180”  apart  to  produce  fully  symmetrical 
wave  number  spectra.  If  P„Ak.  o)  denotes  i)ic  mea¬ 
sured  range  rellectivity  mrxlulaiion-variance  spectrum  for 
a  given  15°  output  a/imuth  bin.  then  the  directional 
height-variance  spectrum  evaluated  in  that  azimuth  of 
look  is  determined  according  to  the  linear  till  model  as 

F{k,  o)  -  (Adto)]  '  P,„{k,  o)  (1) 

wlicrc  r  is  in  units  of  m  '/rad,  o  is  the  azimuth  angle, 
and  o  is  the  sensitivity  coefficient  given  by 

0(0)  =  (  \  2t  .'7.J(cot  (In  o”)  flifO'  .s.  p  ,  (2) 

where  L,  is  the  azimuth  footprint  dimension  (1-sjgma 
value),  o"  is  the  mean  surface  cross  section,  and  9  -  13° 
is  the  nominal  incidence  angle  for  peak  power  return, 
which  is  determined  by  the  antenna  gain  pattern  and  the 
cross-section  variation  near  nadir,  in  the  quasi-spccular 
backscatter  regime  near  nadir,  the  surface  cross  section 
i.s  proportionaJ  to  the  effective  Ku-band  slope  probability 
density  function  (pdO,  and  the  cross-section  roll-off  in 
the  ca.se  of  an  isotropic,  Gaussian  slope  pdf  becomes 
d  (In  a'ydO  =  -  tan  where  .s'  is  the  mean  square 
slope  (MSS)  parameter.  In  the  following,  spectra  tire  shown 
assuming  a  unit,  isotropic  o  =  1  m  In  general,  cross- 


*Normali/atuin  uf  the  piiKe  reUii  ii  data  p  ai..i>nip!i'heil  tn  dnidii'c 
the  return  hy  estimates  ot  i)ie  aseraec  I'ovsci  profile  (propoitional  to 
the  product  of  antenna  paiicrn  and  cross  -oetion  saiiaiionl.  sOiith 
is  cornpined  for  each  IF  sector  .iccordmg  to  a  least -sguares  tiibic 
spline  algoriihni  hciwccr  sit'o  ihreshoUl  points  O.-na  so  tioim,ili/ed 
contain  viriually  no  lisw  frcqiieiics  (near  ih  )  prnscf 
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Figure  1.  Measurement  geometry  of  rows  in  the  spectrome¬ 
ter  mode,  A.  Elevation  view.  B.  Plan  view.  V  is  the  P-3's  mean 
velocity  and  cr/2  is  the  slant-range  resolution. 


wind  to  along-wind  mss  component  ratios  seldom  are  less 
than  0.8,  and  so  the  assumption  of  an  isotropic  a  in¬ 
volves,  at  most,  an  error  of  25%,  or  about  1  dB  in  the 
relative  weighting  of  spectral  components  lying  90°  to 
each  other. 

A  measured  mss  from  the  rows  altimeter  mode  often 
is  used  to  compute  an  equivalent  isotropic  a  (see  Fig. 
2).  Average  power  data  from  the  rows  spectrometer 
mode  also  are  used  to  derive  an  mss  value;  however, 
these  data  usually  are  used  only  to  establish  the  principal 
component  ratio  and  the  major  axis  direction. 

LEWEX  DATA 

The  flight  profile  of  the  nasa  P-3,  which  carried  both 
the  ROWS  and  the  surface  contour  radar  (Scr)  during 
LEWEX,  involved  a.scending  to  a  nominal  rows  operat¬ 
ing  altitude  of  6200  to  6400  m  and  flying  along  the  50th 
parallel  between  50° W  and  45 °W.  Except  on  the  last 


A 


Figure  2.  Measurement  geometry  of  rows  m  the  altimeter 
mode  A.  Elevation  view,  r?  is  the  nominal  incidence  angle  for 
peak  power  return.  B  Schematic  of  altimeter  waveform.  is 
the  mean  square  of  the  slope,  U  is  the  wind  speed,  and  is 
the  significant  wave  height 


flight  day,  when  the  scr  was  not  operated,  the  P-3 
descended  to  the  sc  k  operating  altitude  after  living  over 
HNLMS  Tydeman  at  45°W,  On  the  last  day.  fs  .March, 
transit  home  was  initialed  from  the  Tydeman,  preclud¬ 
ing  the  collection  of  data  from  the  sc  r. 

Table  1  summarizes  the  rows  altimeter  mode  and 
rotating-antenna  spectrometer  mode  data  for  ii  wex. 
Figure  3  shows  selected  rows  directional  spectra  for 
each  of  the  four  flight  days.  Each  spectrum  is  computed 
assuming  a  unit  isotropic  a  =  I  m  '  according  to 
Equation  I;  the  contouring  for  all  spectra  except  the 
rightmost  in  Figure  3 A  is  in  eight  1-dB  .steps  down  from 
the  peak  value.  The  data  presentation  is  thus  in  identical 
units  and  directly  comparable  to  the  scr  data  presented 
by  Walsh  (Figs.  3-5)  elsewhere  in  this  volume.  As  an 
indication  of  the  excellent  agreement  between  the  rows 
and  SCR  spectra,  colored  overlays  of  some  correspond¬ 
ing  SCR  spectral  estimates  are  shown  on  Figure  3. 

The  quality  of  the  rows  data  was  generally  gocxl  dur¬ 
ing  I  EWEX.  An  error  in  the  rows  software  for  the  azi¬ 
muth  reckoning  was  discovered  and  corrected.  The 
I  EWE.x  mi-ssion  data  are  thus  more  reliable  directionally 
than  data  from  any  previous  mission.  The  row  s  suffered 
from  several  of  the  usual  problems  associated  with  an 
old  data  acquisition  system.  Blank  pulse  records,  which 
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Tabis  1.  Summary  of  rows  data.  Shaded  rows  have  corresponding  spectra  shown  irt  Figure  3 
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0.0392 

_ 

— 

6.42 

10,91 

— 

1/5 

ROT 

10.11 

0.0392 

3.72 

5.24 

— 

— 

1.05 

2/1 

ALT 

— 

0.0362 

— 

— 

5,86 

9.68 

— 

2/2 

ROT 

10.17 

0.0362 

4.13 

5.00 

— 

— 

1.25 

2/3 

ALT 

— 

0.0343 

__ 

— 

5.05 

8,87 

— 

2/4 

ROT 

8.77 

0.0343 

4.47 

4.15 

— 

1.07 

(over  the  Quest) 

3/1 

ROT 

9.40 

0.0266 

6.60 

3.66 

— 

— 

1.17 

3/2 

ALT 

— 

0.0266 

— 

— 

4.53 

5,68 

— 

3/3 

ROT 

9.40 

0.0257 

6.98 

3.56 

— 

~ 

1,32 

3/4 

ALT 

— 

0.0257 

— 

— 

5,29 

5.28 

— 

4/1 

ROT 

9.96 

0.0305 

5.28 

4.33 

— 

— 

1,47 

(over  the  Tydeman) 

4/2 

ALT 

— 

0.U3O5 

— 

— 

5.19 

7.29 

— 

7/1 

ALT 

— 

0.0444 

— 

— 

4,97 

13.10 

— 

7/2 

ROT 

8.42 

0.0444 

2.97 

4.89 

— 

— 

0,99 

4 

2/1 

ROT 

7.68 

0.0294 

5.51 

3.27 

— 

— 

1.04 

(over  the  Quest) 

(18  Mar) 

2/2 

ALT 

— 

0.0294 

— 

— 

3,98 

6.85 

— 

2/3 

ROT 

8.25 

0.0282 

5.89 

3.40 

— 

— 

1.04 

2/4 

ALT 

— 

0.0282 

— 

— 

5.51 

6,34 

— 

3/1 

ROT 

8.75 

0.0289 

5.67 

3.68 

_ 

— 

1.10 

(over  the  Tydeman) 

3/2 

ALT 

— 

0.0289 

— 

— 

6.57 

6.61 

— 

P-3  turning 

3/3 

ROT 

8.54 

0.0289 

5.67 

3.59 

— 

1.00 

4/2 

ROT 

7.72 

0.0284 

5.56 

3.27 

— 

0.98 

4/3 

ROT 

6.83 

0.0284 

5.58 

2.89 

■— 

_ 

0.98 

4/4 

ALT 

— 

0.0284 

._ 

— 

3.63 

6.41 

— 

Note:  ROt 

=  roiating-antenna  spectrometer  mode, 

r  -  altimeter  mode;  //'  = 

for  unit  < 

-  1  m 

,.  seiisilivily  cocITi- 

cient  defined  by  Equation  I;  and  t/inv  =  '(fm  height  wind  speeds,  as  defined  by  Equation  5. 
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A  Tape/tile  2/2  Tape/fi!e3;2  Tape  file  14  i  ape  tiie4  t 

1205  UT  1222  UT  1230  UT  1242  UT 


B  Tape/file  8/2  Tape/file2/l  Tape'file  3.'1  Tape'WeS’2 

1939  UT  1654  UT  1712  UT  1809  UT 


Figure  3.  Selected  rows  directional  height-variance  spectra  in  m^/rad,  with  all  spectra  contoured  in  eight  i  dB  steps  down  from 
the  peak  value,  except  for  the  rightmost  spectrum  in  3A,  which  has  thirteen  I  dB  steps.  Numerals  such  as  2/1  above  the  individual 
spectra  are  the  original  flight  tape  and  file  numbers,  and  the  center  time  of  each  data  period  is  as  indicated  The  outermost  wave 
number  ring  corresponds  to  a  100-m  wavelength,  the  inner  rings  to  200-  and  400-m  wavelengths.  Figures  A,  B,  C.  and  0  show 
data  for  14, 16, 17,  and  18  March,  respectively.  The  horizontal  solid  bars  below  the  spectra  indicate  the  appropriate  file  locations: 
the  asterisks  denote  the  positions  of  the  Quest  (Q)  and  the  Tydeman  (T);  arid  the  hatched  vertical  bars  indicate  the  significant 
wave  height  computed  from  the  individual  spectra.  Overlays  of  corresponding  (s60  km;  s2  h)  scr  spectra  from  Walsh  (this  vol¬ 
ume)  are  shown  at  3-dB  contours  (major  modes)  and  1-dB  contours  (minor  modes),  (Figure  is  continued  on  the  next  page.) 


averaged  about  SO'To  of  the  lOO-pps  data  frames,  were 
accounted  for  in  the  computation  of  the  residual  back- 
gro  nd  Rayleigh  fading  noise  spectrum  level.  However, 
a  departure  from  the  predicted  noise  background  charac¬ 


teristics  resulted  from  quantization  noise  caused  by 
lower-than-desired  levels  of  signal  input  to  the  digitizer. 
This  affects  particularly  the  aata  on  16  March,  as  can 
be  seen  from  Table  1  by  referring  to  the  column  labeled 
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noise  floor  ratio,  which  gives  the  ratio  of  the  observed 
minimum  in  the  directionally  integrated  spectral  inten¬ 
sity  to  the  value  of  the  computed  noise  floor,' 

P„,  =  (  VZir  K,N^)  '  ,  (3) 

where  the  1 -sigma  value  of  K^,  =  0.21  rad/m  corre¬ 
sponds  to  a  8.1-m  surface  range  resolution,  and  N,,  is 
the  number  of  independent  (nonblank)  pulses  entering 
into  the  pulse  integration  for  any  15°  azimuth  bin  (max 
Np  =  42).  That  the  variation  of  the  noise  floor  ratio 
in  Table  1  is  indeed  related  to  quantization  noise  can 


be  adduced  from  the  data  of  Figure  4,  which  show  the 
noise  floor  ratio  plotted  as  a  function  of  the  ob¬ 
served  minimum  in  the  peak  return  power  over  all  an¬ 
tenna  rotations  for  each  rotating-antenna  file  in  Table 
1.  The  di.,tribution  of  follows  roughly  a  log  normal 
distribution.  Values  of  ~  1.0  result  from  minimum 
observed  peak  powers  of  2  to  3  units  out  of  a  maximum 
of  63  units.  Lower  values  of  R^  approaching  a  possible 
limit  around  0.6  indicate  that  the  actual  noise  llocr  mas 
lie  below  the  nominal  computed  value;  however,  to  com¬ 
pare  with  the  original  training  data  set,'  wc  will  icjcct 
for  the  moment  any  data  for  which  R^  departs  by 
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Table  2.  Analvsii  o!  average  prjwer  rlata  Uoir,  \he  spec,  (((.me 
ter  rnode  o!  hows  'or  14  March 
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Figure  4.  Ratio  of  measured  to  computed  background  noise 
levels  versus  the  observed  minimum  in  the  peak  power  return 
over  all  antenna  rotations  for  all  lEWEx  files. 


bility  as  the  spectrometer  mode  viss  values  in  Tahk*  2, 
Figure  5  shows  the  ra>  characierisitcs  on  a  gnonne 
projection,  in  which  great -circle  routes  map  into  straight 
lines,  tor  the  modes  of  the  principal  svsiems  observed 
in  the  2S  tiles  of  aows  spectrometer  mode  data  over  the 
four  flight  days.  Regions  of  convergence  of  the  charac¬ 
teristics  indicative  of  wave  generation  regions  are  seen 
on  all  four  days. 

DISCUSSION 


more  than  ±  10®i’o  from  unity.  For  the  several  files  satis¬ 
fying  this  criterion,  the  significant  wave  height  F/.  com¬ 
puted  according  to 


F/,  =  4 


rp.=. 

J  t)  0 


Fik,  0)  dk  d0 


(4) 


where  the  Nyquist  wave  number.  -  27r/(24  m). 
agrees  well  with  buoy-observed  FF,  at  the  Tydeman  and 
the  Quest.  The  wave  height  inferred  from  the  leading 
edge  of  the  altimeter  mode  return  shown  in  Table  1  often 
disagrees  significantly  from  adjacent  rotating-antenna 
spectrometer  mode  files;  this  may  be  caused  by  an  er¬ 
ratic  triggering  of  the  digitizer.  The  equivalent  neutral 
stability,  10-m  height  wind  speeds  t/|„v  (in  m/s)  shown 
in  Table  1  were  derived  from  the  altimeter-mode  wave¬ 
form  traiiing-edge  mss  data,  s',  according  to  the 
algorithm^ 


C„,v  =  455  .v’  -  7.27  .  (5) 

All  wind  speeds  except  those  for  14  March  1987  com¬ 
pare  favorably  with  ship  and  buoy  data;  on  14  March 
the  wind  speeds  appear  to  be  too  low.  Because  only  the 
seas  for  14  March  exhibit  significant  bimodality,  we  ana¬ 
lyzed  the  average  power  data  (by  a  Gaussian  specular 
point  model  fit)  from  the  spectrometer  mode  on  this  day 
to  assess  the  effect  of  slope  distribution  anisotropy  on 
the  measured  spectra.  The  results  are  summarized  in  Ta¬ 
ble  2.  The  data  are  consistent  with  a  180°  wind  shift  be¬ 
tween  50°W  and  45°W  and  isotropic  total  roughness 
conditions  between  the  Quest  and  the  Tydeman,  where 
the  .MSS  is  a  minimum.  Not  only  is  there  a  bias  between 
the  MSS  values  inferred  from  the  altimeter  and  spectrom- 


Comparison  of  the  how  s  spectra  in  Figures  3.‘\  to  3C.' 
with  sc  R  spectra  for  14.  16,  and  17  March  (from  the  ar¬ 
ticle  by  Walsh  elsewhere  in  this  volume)  shows  quite 
good  agreement,  particularly  foi  tliosc  files  near  the 
Tydeman  where  the  time  difference  between  rows  and 
St  R  data  takes  was  no  more  than  25  min.  Modal  direc¬ 
tions  and  wave  numbers  as  measured  by  the  rows  and 
St  R  differ  by  no  more  than  a  few  degrees  and  a  few  per¬ 
cent.  Generally  good  agreement  was  seen  between  the 
ROWS  spectra  and  Wavescan  spectra  at  the  Tydeman  as 
well.  The  spatial  evolution  of  the  bimodal  spectrum  on 
14  March  is  seen  ui  be  quite  similar  in  both  rows  and 
St  K  data.  At  the  Tydeman,  the  spectral  peak  of  the 
northward-traveling  swell  system  (with  the  generating  re¬ 
gion  to  the  southea.st,  according  to  Figure  5A)  is  about 
6  dB  above  the  peak  of  the  more  locally  generated  west¬ 
ward-traveling  system,  in  agreement  with  the  st  r  data. 
By  5{)°W,  the  situation  is  reversed,  with  the  peak  of  the 
westward-traveling  system  being  some  3  to  4  dB  above 
the  northward-lraveling  system,  as  compared  with  a  simi¬ 
lar  difference  of  some  2  dB  in  the  westernmost  scR 
spectrum. 

This  spatial  evolution  is  fairly  well  mirrored  in  the  tem¬ 
poral  evolution  recorded  b\'  the  Wavc.scan  buoy  (cf.. 
Gerling,  Fig.  4C,  this  volume).  We  should  note  that,  as 
mentioned  above,  use  of  an  anisotropic  n  amounts  to 
no  more  than  a  1-dB  difference  in  weighting  between 
systems  running  at  90°  to  each  other.  For  this  small  dif¬ 
ference  one  cannot  really  judge  by  ditfcrences  in  peak 
values,  say  between  the  Rdws  and  the  st  r  modes,  be¬ 
cause  the  different  system  resolution  can  affect  the  mea¬ 
sured  peak  values.  To  really  test  the  rows  linear 
response  model  of  Equations  1  and  2,  one  should  com¬ 
pare  the  variances  in  the  different  modes  rather  than  the 
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Figure  S.  Great-circle  ray  traces  of 
swell  wave  packets  for  the  four  flight 
days  on  a  gnomic  projection:  A  14 
March  B.  16  March,  C.  17  March.  D 
18  March  The  small  dots  represent 
the  locations  of  the  rows  spectra. 
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peak  values,  using  the  dissection  method  of  Gerling  (this 
volume),  for  example.  Nevertheless,  a  qualitative  com¬ 
parison  had  by  overlaying  rows  and  scr  spectra  shows 
remarkably  good  agreement  between  these  two  very  dif¬ 
ferent  remote  sensing  systems.  A  comparison  of  rows, 
SCR,  and  sar  (synthetic  aperture  radar)  spectra  for  14 
March  is  illustrated  in  Figure  4  of  Tilley  (this  volume). 
Tilley  shows  good  agreement  among  all  three  sensing  sys¬ 
tems  when  the  sar  is  employed  in  a  low  range-to-ve- 
locity  geometry. 

On  16  March  at  about  18(X)  LIT,  the  spatially  evolving 
rows  spectra  (cf .  Figure  3B)  indicate  that  the  dominant 
swell  system  originates  to  the  north  somewhere  between 
55°N  and  63°N  (cf.  Figure  5B).  Comparison  of  tape ''file 
5/2  over  the  Tydeman  with  the  scr  file  over  the  Tyde- 
man  and  with  Wavescan  data  shows  excellent  agreement 
among  ail  three  instruments,  except  that  the  Wavescan 
spectrum  appears  to  be  rotated  counterclockwise  by 
about  15°  with  respect  to  the  rows  and  scR  spectra  (see 
Esteva,  Fig.  3,  this  volume).  In  addition  to  the  main 
southward-traveling  swell,  one  sees  the  WNW-traveling 
component  in  the  symmetrical  rows  spectrum  as  an  ex¬ 
trusion  of  the  main  system  extending  toward  the  200-m 
wave  number  ring  and  270°  azimuth. 

On  17  March,  the  opposing  wave  systems  at  nearly 
the  identical  frequency  seen  in  the  Wavescan  spectra  at 


Tydeman  appear  as  a  single  northward-  or  southward¬ 
traveling  system  in  the  symmetrical  Rowssptvtra  in  l  ig- 
ure  3C.  Overlaying  the  rows  file  4/1  spectrum  at  the 
Tydeman  with  the  corresponding  (rightmost)  s<  r  spec¬ 
trum  in  Figure  5  from  the  article  by  Walsh  elsewhere 
in  this  volume  produces  excellent  agreement  for  the 
north-directed  scr  lobe;  however,  at  the  Quest  the 
southward-traveling  s(  r  spectral  lobe  is  found  to  match 
the  rows  file  3/1  spectrum.  From  the  spatial  evolution 
of  the  rows  spectra  it  would  appear  that  the  dominant 
system  is  soulh-travciing,  having  originated  around 
55°N,  46°W  (Fig.  .5C). 

On  18  March,  the  spatial  evolution  of  the  rows  spec¬ 
tra  in  Figure  3D  indicates  unambiguously  that  the  200-m- 
plus  wavelength  swell  system  has  its  origin  to  the  south¬ 
west  (Fig.  5D).  This  is  consistent  with  Wavescan  data 
at  the  Tydeman. 
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SAR  IMAGING  OF  OCEAN  WAVES: 

SOME  OBSERVATIONS  FROM  LIMEX/LEWEX  ’87 

We  examine  sxnthetic  aperture  radar  (nvk)  iKriormaiiec  tor  ohscrvaiuni  ol  ixean  ( )u!  u'suh's 

are  based  on  analysis  of  airborne  sak  data  colleetcd  during  the  1  abiadoi  Sea  lec  Maigm  l  Afx-isnicu! 
and  the  Labrador  Sea  Extreme  Waves  fixpcriment.  and  on  theoretieai  picdictKvas  I  lic  data  sets  tiuludc 
both  open-water  waves  ;ind  waves  mv>\ing  under  a  tlviaang  lec  Iieid. 


iNTRODUCTION 

The  Use  of  synthetic  ajx'nure  radar  (saK)  imaging  -'Vs 
terns  tor  quantitative  observations  of  oecan  waves  de 
pends  on  two  principal  considerations:  first.  Mie  radio¬ 
metric  response  of  the  instrument  to  t!ie  scene  with  an 
objective  to  estimate  sea  surface  roughness  and  eventual 
ly  wave  height  and,  second,  geometric  tldelitv  in  the  sak 
image  so  that  wave  directional  sfscctra  can  be  obtaincxl. 
Both  of  these  aspects  of  s\k  imaging  in  the  tKcan  con 
text  are  under  active  investigation.  Using  analvsis  togcth 
er  with  sar  data  gathered  during  the  labrador  Sea  tee 
Margin  Experinent  (i  ixit  x)  and  Labrador  Sea  Extreme 
Waves  Experiment  (t  t  vvt .\)  198"  programs,  progress  has 
been  made  in  both  areas.  This  paper  summari/cs  some 
key  aspects  of  the  problems  asstx'iatcd  with  using  >\r 
imaging  to  characterize  ocean  waves. 

A  sar  is  an  elegant  imagir  ’  system  in  which  extensive 
processing  of  the  signal  received  by  the  radar  is  used  to 
achieve  very  fine  azimuth  (along  track)  resolution  with¬ 
out  the  necessity  for  a  correspondingly  large  antenna 
aperture.  For  real-aperture,  side-looking  radars,  the  az¬ 
imuth  resolution  is  determined  by  an  antenna  which  pro¬ 
duces  a  diffraction-limited  beam.  For  such  an  antenna 
of  length  D  using  radar  wavelength  X.  the  azimuth  reso¬ 
lution  is  approximately  R\/D  at  distance  R  along  the 
radar  line-of-sight,  the  slant  range.  Considering  the  air¬ 
borne  case,  for  azimuth  resolutions  on  the  order  of 
meters  to  be  achieved  at  ranges  of  several  kilometers, 
a  real  aperture  radar  would  require  an  antenna  hundreds 
of  meters  long.  Clearly,  this  is  not  practical.  For  a  sar. 
however,  the  best  azimuth  resolution  is  simply  one-half 
of  the  aperture  length  itself,  or  D/2.  The  technique  is 
well  suited  to  systems  carried  on  aircraft  and  also  ex¬ 
tends  to  spacecraft  systems. 

Fine  azimuth  resolution  using  a  sar  depends  on  pro¬ 
cessing  a  sequence  of  radar  observations  of  the  scene 
reflectivity.  For  such  processing,  each  scatterer  must 
maintain  a  constant  relative  phase  at  the  radar  wave¬ 
length,  and  the  relative  motion  between  the  scene  and 
the  sensor  must  be  determined  by  the  motion  of  the  sen¬ 
sor.  Under  these  conditions,  each  scattering  element  in 
the  scene  is  coded  by  a  known  frequency  shift,  the  Dopp¬ 
ler  effect.  (Processing  over  the  Doppler  spectrum  of  the 
radar  signal  is  analogous  to  the  way  in  which  a  lens  fo¬ 
cuses  an  optica!  signal.) 


A  ^  vK  Is  a  f.ingc  IXtpplcf  tm.i.ciiig  ss^ici'i.  n  ws.Mk' 
very  well  loi  ’.ci.'csiftal  tlia!  aie  ‘hctiisc'l'. ia 

in  motum  Ihe  dvn.iini«.>  u!  ihc  ivcanN  siiit.Kc.  !u>w 
ever,  eompixatc  ihc  imaging  proix-riio  ot  a  ^vk  von 
Niderabls,  Fomnialelv,  ivcan  inuvenieni  a  genciaiK 
eharaelenzed  hv  relative  xaUercf  vekvitio  dial  arc  nureii 
smaller  than  tfiat  or  the  radar  pialforin,  so  the  lesirlnr.g 
image  may  K'  seen  as  .i  degraded  vcrvion  tst  wiuii  ssouid 
he  obiaincd  under  ideal  statie  scene  condiiioiis  MvHiel 
ing  and  iindcrsiandmg  itie  siiNieiies  o(  cvr  ivcan  sinag 
ing  is  an  active  area  o!  research  Ihe  obicc'ivc  of  this 
research  is  lo  quantifv  ilie  way  in  which  ihc  principal 
surface  motions  mnucnce  svk  image  formation 

1  wo  classes  o!  rxean  dynamics  nctx!  to  be  considcteti. 
coherent  and  noncoherert  <  ohcrenf  motions  arc  ihove 
that  inipad  the  relative  phase  of  the  scatterer  as  observex! 
by  the  radar,  cither  through  a  change  m  the  phase  of 
the  scattering  elemeni  itself,  or  through  a  change  in  ihc 
Doppler  rnrxiulaiion  caused  by  scaiiercr  movcmcni-  Scat¬ 
tering  elements  consist  of  groups  of  very  small  waves 
on  the  surface  ..hose  spatial  scale  ts  on  the  order  of  the 
radar  illiiminaiion  wavelength,  typically  a  few  ccniimc- 
lers  These  wavelets  have  very  small  intrinsic  vchxitics 
but  arc  advcctcd  appreciably  by  the  orbital  moiions  r'l 
passing  longer  waves.  Furthermore,  wavc-vsavc  inicrac 
lions  (hydrodynamic  modulation)  may  nuxjify  the  en¬ 
semble  of  wavciets  within  the  scattering  element,  thus 
changing  (he  phase  of  the  returned  signal.  The  imposed 
orbital  vciixily  reflects  the  large-scale  orgamzai ion  of 
the  wave  field.  It  leads  to  systematic  shifts  of  scaticiing 
elements  within  the  image  and  thus  an  expression  of  the 
longer  wave  in  a  pr  x'css  termed  ‘‘velocity  hunching  ” 
This  is  in  general  a  nonlinear  process  and  leads  to  im 
portant  considerations  in  the  image  mrxleling  problem. 
Ensembles  of  orbital  vcUxitics  together  vsuh  scatterer 
phase  changes  lead  to  degradation  of  the  time  over  vshich 
the  signal  can  be  coherently  integrated  in  the  proccsstsr. 
This  constraint  reduces  the  ability  of  tlic  image  to  support 
along-track  (azimuth)  wave  directional  spectral  analysis. 
Noncoherent  motions  are  those  that  impact  image  fi¬ 
delity  through  means  other  than  phase  modulation.  The 
most  important  of  these  is  the  gross  movement  of  the 
wave  field  during  ihe  time  of  car  observation.  It  has 
been  shown  th.it  the  wave  phase  velocity  is  significant 
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when  compared  with  the  velocity  of  most  aiibornc  ta 
dars.  Resulting  effects  are  both  beneficial  and  deerifneii- 
tal.  Phase  vekKiiy  is  helpful  since  n  allows  detenuinaiiun 
of  the  actual  direction  of  wave  movement  m  iniagc  sjkv 
tral  analysis,  rather  than  the  convennonallv  obtained  re¬ 
sult  having  a  ISO’  directional  ambiguity.  It  is  not  helpful 
in  the  sense  that  it  has  confused  past  attempts  to  under 
stand  the  s\r  wave  imaging  process,  particularly  with 
respect  to  the  image  fixus,  (These  issues  are  discussed 
further  in  later  sections  of  this  article  and  in  Ref,  i.i 

When  a  s.\k  images  open-ocean  waves,  all  of  the  dy 
namic  effects  are  present  simultaneously  ,  which  compli¬ 
cates  the  task  of  comparing  theory  with  observation, 
LiMtx  and  it  vvt  c,  conducted  in  March  1987.  offereit 
the  opportunity  of  using  airborne  s.\k  to  image  known 
surface  gravity  waves  in  both  the  open  vKean  and  pene¬ 
trating  into  tloating  ice.'  '  The  presence  of  tloaimg  ice 
suppresses  pan  of  the  surface  dynamics,  thus  providing 
unique  e.xperimental  conditions  for  observing  and  logi¬ 
cally  separating  key  parametric  aspects  of  the  s\k  imag 
ing  process. 

RADIOMETRIC  RESPONSE 

A  correctly  implemented  and  calibrated  s\k  should 
behave  as  an  “imaging  scatierometer."  The  sak  system 
includes  the  actual  image  processor  and  image  spectral 
analysis  procedures.  To  reduce  the  multiplicative  noise 
known  as  speckle  (which  arises  in  any  coherent  imaging 
system),  several  statistically  independent  subimages, 
called  looks,  are  normally  formed  and  added.  To  pre- 
.serve  estimates  of  mean  ocean  rellcaiyky  that  can  be 
calibrated,  the  sar  system  should  be  implemented  in  an 
energy-conserving  mode.^‘  In  this  approach,  individual 
looks  are  subjected  to  magnitude-squared  detection  be¬ 
fore  summation  to  form  the  muitilook  image.  One  spec¬ 
tral  analysis  approach  for  such  a  sar  processor  is  the 
magnitude  of  the  sar  image  Fourier  transform,*  The 
mean  reflectivity  is  then  equal  to  the  “ix  digital  num¬ 
ber”  in  the  Fourier  transform  domain. 

The  proposed  processing  combination  preserves  the 
mean  scene  reflectivity  through  to  the  spectral  domain. 
Normalization  of  the  spectrum  by  the  tx  digital  number 
quantitatively  expresses  the  relative  image  contra.st  in  the 
directional  spearal  domain  as  a  function  of  (vector)  wave 
number.  In  this  way,  radar  radiometric  respon-se  is  re¬ 
tained  in  the  wave  spectral  measure. 

It  remains  to  relate  the  reflectivity  variance  to  useful 
geophysical  properties  such  a.s  ocean  wave  height.  Such 
a  relationship  requires  understanding  and  modeling  of 
the  factors  that  govern  wave  reflectivity:  hydrodynamic 
modulation,  tilt  modulation,  velocity  bunching,  and  co¬ 
herence  time  limitations.  Such  a  relationship  has  not  yet 
been  robustly  demon.st rated, 

'The  Fourier  transform  magnitude  (not  squared)  is  proposed  for  the 
image  spectral  analysis.  Many  conventional  S\k  prixessors  sum  ihe 
square  root  of  the  lotsk-image  powers,  while  some  conventional  spec¬ 
tral  analyse.s  use  the  square  of  the  Fourier  transform  triagnilude.  .Some 
combinations  may  not  be  energy  conserving.  The  proposed  detection 
combination,  however,  may  have  a  detrimental  effect  on  the  spectral 
peak-to-background  ratio. 


IM-U.l  1  IDl :T  1 1  V 

\Sc  lunv  cv.muitc  ilk-  lliUvll  bsv'.tjct  U>pK  .>! 
fklclity.  Ihe  key  is  she  time  vlcjvudcnvv  o!  .»  viv  v  tc 
sjKjrivc  lu  a  dynaiLk  tkcaii  w.i'C  held  e  iikkidc  iHnlt 
et>he:ca!  and  nctiivcihcieii'.  issues.  1  .tbic  1  suiniti.iti/es 
the  key  parameicfs  imiitdiKcd  in  this  sceUvin 

C  vviisidcr  the  S.1S  -  vJf  vKc'an  wave's  fX';ietta!iii.e  s!»t  iiuu 
gmal  ICC  zvinc  I  he  lec  euvci  a^is  as  a  iiaiutal  kiw  jrass 
filter:  the  ionger  wavclciieihs  survive,  wfR-reas  w.tvcs 
shuner  than  the  avciage  lec  tlivc  si/e  aie  suppicsM.*d  Out 
ivbiective  IS  ui  study  s\k  rcsixmse  ti>  the  kviigei  ss.4ves 
1  he  cifeumstanees  v'l  waves  ix-iielfatiiig  rtviaiing  ke  ptw 
vide  an  ideal  situatiuri.  In  this  vavc,  velocity  butichiiig 
is  the  dominant  azimuth  vvave  imaging  nie\  h.inisin  I 'n 
derstanding  the  imixinance  of  various  iniagiriK  tacttus 
ihtough  observation  of  "waves  in  ice  "  is  the  suhsect  oi 
ongvnng  wotk 

C  oherent  1  ime  DejX'ndencc 

k'eUKity  bunching  plays  a  major  role  in  the  syg  nn 
age  formation  prixess  ioi  a  wave  with  an  azimulhal 
wave  number  einiirkmeiii  .Most  analyses  o!  vcUx'ity 
bunching  are  expressed  m  terms  of  the  range  to  veKxny 
ratio,  .Mthough  vekxiiy  bunching  atiscs  Irom  the  civ 
herent  properties  ot  the  l>oppler  domain,  it  is  a  purely 
wonietrii  effect  in  ilie  htisc  that  it  is  nut  proixirtional 
to  the  s\k  coherent  integration  time  c  pieler  to  ex 
press  such  geometric  image  proix-riies  in  terms  of  the 
s\k  dwell  constant 


where  h  is  the  sensor  altitude  above  nauir,  and  t  is  the 
component  of  the  phitform  vcltxity  parallel  to  the 
Etarth's  surface. 

Variations  in  velexity  bunching  excur  as  a  function 
of  the  local  incidence  angle  and  the  wave  aspect  angle. 
The  nrsl-ordcr  form  for  vekxiiy-bunching  mapping  is 
given  by  Equation  I  in  \  achon  ct  al.  (this  volume).  That 
expression  shows  that,  when  velocity  bunching  has  a  role 
in  the  image  formation  process,  the  effective  scattcrer 
density  is  a  function  of  certain  geometrically  dependent 
factors  only.  .Mso,  when  singularities  occur,  the  image 
IS  dominated  by  the  sum  of  wavc-amplitudc-dependcnt 
terms.  This  represents  a  (highly)  nonlinear  mapping 


Table  1.  SAWwave  performance  parameters 

s\R  dwell  const,Tnt  T„  h/i'  seconds 

One-iook  integration  time  T  =  /?X/2n,l  seconds 

Integration  time  constant  T*  =  R.  i  seconds 

C  oherence  time  r  =  X/2  s//.  seconds 

ti.xposure  time  Fy  =  7«  sint.i)  seconds 


Kelaiise  phase  velocity  elC,  =  C',,/f’coso 
Scale  perturbation  S  —  <1  -  rfC  ) 

Coherence  factor  1  \l  -f  {T,!r)- 
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transformation.  The  resulting  nnage  depends  on  the  in¬ 
terplay  between  wave  height,  wave  number,  wave  direc¬ 
tion,  SAR  viewing  geometry,  and  sensor  (light  direction. 
We  were  able  to  investigate  several  different  com¬ 
binations  of  these  parameters  using  sak  data  from  t  im 

fcX  1  KWtX. 

The  single-look  sar  coherent  integration  time  is 


where  X  is  the  radar  wavelength,  p ,  is  the  single  kKsk 
resolution,  and  R  is  the  scene  slant  range.  Note  that  the 
integration  time  is  proportional  to 

R 

Th  ,,  .  13) 

which  denotes  the  radar  integration  time  constant.  In 
contrast  with  the  s.ar  dwell  time  constant,  this  time  con¬ 
stant  is  appropriate  for  system  considerations  that  are 
time  dependent  in  proportion  to  radar  slant  range. 

For  example,  a  scene  coherence  time  t  that  is  !es.s  than 
Ty  results  in  reduced  azimuth  wave  response.  ■*  This  has 
been  characterized  by  .Monaldo  and  Lyzenga'’  as  an 
“azimuth  cutoff,”  which  is  expressed  in  terms  of  the 
R/  y  ratio.  If  the  minimum  detectable  ocean  wavelength 
is  taken  as  two  azimuth  resolution  ceils,  Monaldo  and 
Lyzenga’s  minimum  wavelength  expression  may  be  used 
to  find 


.-\n  expenment  could  tx-  designed  to  take  advantage 
of  certain  geometne  projvnics  of  vcUkiiv  bundling  Bv 
Kaihcrmg  wave  daia  lot  the  anciaf!  vckxiiv  ut  Ixnli  tiic 
same  direction  as  the  wave  vekKitv .  and  opjxiscd  to  n, 
the  image  rcsixmses  sould  be  coinpaicd,  and  tile  iciatsvc 
contribuiioii  ot  the  nonlineaf  vekxitv  bunching  cotn|x> 
nent  estimated,  image  eontrasi  tesuitiug  tiinn  other 
meehanistiis  would  coiisututc  the  reinaindcs  ihe  ap¬ 
proach  should  be  quaiified  with  waves-in-ice  data,  then 
applied  to  the  ojx'n-water  case.  The  first  ividcr  eficcis 
sliould  not  depend  on  colierence  tune  Itrniiatioiis 

Noncoherent  l  ime  Dependence 

t  he  wave  pluisc  vekviiy  is  o!  fundamental  !ni(x>nance 
m  the  SAR  wave-imaging  problem,  t  he  piincipal  con 
sequences  of  the  vvave  phase  vekxrhv  are  an  akmg  track 
scale  (scanning)  distonion  and  a  misrcgtstrauon  between 
successive  kx^ks  leading  lo  a  decrease  rn  wave  eontrasi. 
t  he  kxvk  misregistration  has  benefits;  it  leads  to  “spec 
iral-sum”  processing  and  the  opporiunhv  to  remove  the 
directional  ambiguity.  Wc  now  have  experitnemai  results 
from  I  isil  \  I  i  vvi  \  data  that  suppvirt  each  of  these  is¬ 
sues  and  arc  consistent  with  earlier  predictions. 

Scale  Disi onion.  Consider  a  wave  field  moving  at 
phase  speed  C„  and  in  the  direction  o  relative  to  the 
along-track  vector  of  an  observ  mg  scanning  staisor  mov 
ing  with  speed  T.  The  resulting  image  will  have  a  sc’alc 
error  along  track  given  by 


_  c;, .  ■' 

I '  COSO  .. 


(6) 


X 

r  *  - ^  (5)  .  (4) 

2  SH, 

where  H,  is  the  significant  wave  height. 

At  this  stage,  the  distinction  between  the  dwell  con¬ 
stant  and  the  integration  constant  may  appear  to  be  friv¬ 
olous.  We  wish  to  emphasize,  however,  that  they  play 
different  roles  in  the  sar  wave-imaging  problem.  Mea¬ 
surements  using  iiviEX  waves-in-ice  data'  show  that 
wave-image  contrast  increases  with  increasing  incidence 
angle,  consistent  with  velocity-bunching  predictions  in 
the  absence  of  coherence  time  limitations.  When  coher¬ 
ence  time  is  included  in  the  model,’  an  additional 
coherence  factor  of 


must  enter  the  formulation.  This  effect  has  been  mod¬ 
eled  as  an  azimuth-oriented,  low-pass-filtering  operation 
on  the  image  spectrum,  with  the  cutoff  wavelength  de¬ 
fined  by  the  coherence  factor  given  in  Equation  5.  This 
model  fails,  however,  in  the  face  of  a  velocity-bunching 
imaging  mechanism.  Nonlinearities  cause  the  generation 
of  false  spectral  modes,  often  characterized  by  very  long 
wavelengths.'  These  modes  would  not  be  removed  by 
such  a  low-pass-filter  coherence  time  model. 


The  effect  is  significant  for  most  aircraft -imaging  geom¬ 
etries  but  is  negligible  for  most  satellite-imaging  situa¬ 
tions. 

The  scale  distortion  of  Equation  6  may  be  uniquely 
compensated  in  the  two-dimensional  wave  number  do¬ 
main.  This  compensation,  in  conjunction  with  two  op¬ 
posing  passes  of  sar  imagery,  may  be  used  to  resolve 
wave  propagation  direction.  Such  an  approach  is  cum¬ 
bersome,  however,  and  may  be  used  only  to  the  extent 
Ihe  ocean  waves  being  observed  arc  uncomplicated,  and 
if  the  two  SAR  pas.ses  exist.  This  technique  is  demonstrat¬ 
ed  in  Figure  1 .  An  alternate  method  is  discussed  in  a 
later  section  (“Removal  of  Directional  Ambiguity"). 

Spectral-Sum  Processing.  An  important  corollary  of 
scale  distortion  is  that  the  scene  reflectivity  pattern  moves 
during  sar  observation.  For  a  sar,  the  data  required  to 
form  the  total  multilook  image  may  be  gathered  over 
an  interval  T^,  of  several  seconds  from  each  spatial  po¬ 
sition  in  the  scene.  We  introduce  the  total  exposure  time 
Tv  as  the  product  of  the  integration  time  constant  7"^ 
and  the  angular  extent  sin(/3)  over  which  the  sar  beam(s) 
gather  data  for  the  image  looks.  For  a  moving  scene, 
individual  images  of  that  scene  taken  at  different  times 
will  appear  in  different  locations.  Conventional  sar  pro¬ 
cessing,  which  combines  looks  as  if  the  scene  were  mo¬ 
tionless,  leads  to  motion  blur  in  the  composite  image, 
which  s-.’-'sequent  processing  cannot  correct.  For  such 
processing,  the  severity  of  the  blur  is  proportional  to 


1(X) 


Figwe  1.  Demonstration  of  the  use  of  scanning  distortion  cor¬ 
rection  to  resofve  wave  propagation  direction  in  sar  data.  The 
data  were  from  opposing  lewex  flight  lines,  19  March  1987.  The 
aircraft  velocity  vector  is  indicated  by  the  con-esponding  colors 
The  artifact  spectral  lobe  has  diverged.  The  plot  is  linear  in  wave 
number,  with  the  circle  at  2ir/100  rad/m. 


Ty.  As  a  result,  directional  spectra  derived  from  such 
an  image  show  decreasing  contrast  with  increasing  range 
(all  else  equal).  For  some  geometries,  this  blurring  is  an 
additional  cause  of  azimuth  cutoff,  although  in  this  case 
it  results  from  noncoherent  scene  motion  at  the  wave 
phase  velocity. 

Some  improvement  in  spectral  contrast  would  result 
for  a  single  wave  mode  if  the  processor  focus  were  ad¬ 
justed.  That  adjustment,  however,  leads  to  the  “focus 
paradox”:  sar  processor  focus  should  not  depend  upon 
noncoherent  scene  motion.  The  focus  paradox  is  resolved 
by  noting  that  the  relative  position  of  look-image  data 
is  differentially  shifted  in  the  azimuth  dimension  at  the 
same  time  that  the  processor  focus  is  changed.  For  a  sim¬ 
ple  azimuthal  wave  field,  the  result  in  terms  of  apparent 
wave  image  contrast  is  more  satisfactory  if  the  focus  is 
perturbed.  In  general,  however,  this  is  a  false  solution. 
We  call  the  standard  approach  to  spectral  calculations 
look-sum  processing,  since  the  looks  are  summed  prior 
to  Fourier  transformation. 

Better  results  are  obtained  in  the  following  way.'*’ 
Let  each  look  have  an  integration  time  that  is  much 
smaller  than  the  wave  period;  let  the  processor  have  fo¬ 
cus  adjusted  for  a  static  scene;  and  let  each  individual 
look  be  imaged  in  the  power  domain,  and  then  Fourier 
transformed.  Of  course,  the  requirement  for  individual- 
look  data  means  a  modified  SAR/processor  combination, 
or  access  to  the  unprocessed  sar  signal  record.  The 
desired  directional  spectrum  is  then  formed  by  adding 
the  magnitudes  of  the  resulting  individual  spectra,  an  ap¬ 
proach  we  call  spectral-sum  processing.  Figure  2  shows 


Figure  2.  Flow  dfagrams  comparing  look-sum  and  specuai- 
Sum  processing  procedures  represents  the  ampiiiude 
mapped  look-sum  spectrum,  represents  the  amplitude- 
mapped  spectrai-sum  spectrum,  S,  represents  the  amplitude 
mapped  spectra  of  the  individual  looks,  ts  the  individual  look 
mean  powers.  FT  represents  Fourier  transform  followed  by 
amplitude  detection,  and  -  is  the  summation  operation  Note 
that  the  DC  value  is  equal  to  the  image  mean  in  each  case,  per 
mining  quantitative  comparison  of  the  two  approaches 


flow  chan.s  contrasting  look -sum  and  speciral-sum  pro¬ 
cessing. 

Spectral-sum  processing  has  .several  imponant  advan¬ 
tages  over  conventional  approaches  for  wave  spectral 
analy.sis.  First,  it  is  an  energy  conservative  procedure.* 
Second,  by  maintaining  the  static  scene  processor  focus 
setting,  our  ability  to  observe  the  shorter  wave  scales  is 
not  compromised,  as  it  would  be  if  the  processor  focus 
were  perturbed  to  “match”  a  longer  scale  wave.  Third, 
the  approach  is  imperv  ious  to  noncoherent  scene  trans¬ 
lation  between  looks.  Look-image  misregistrations  be¬ 
come  phase  terms  in  the  transform  domain  that  are  re¬ 
moved  through  the  detection  process.  Fourth,  spectral- 
sum  processing  works  in  the  same  manner  when  more 
than  one  wave  model  is  present  in  the  scene.  Finally, 
the  compensation  for  noncoherent  wave  motion  applies 
for  the  vector  direction  of  wave  propagation  and  not 
simply  the  azimuth  component  of  the  imposed  misregis¬ 
tration.  For  these  reasons  we  recommend  the  spearal- 
sum  approach. 

The  improvement  of  the  spectral-sum  approach  over 
the  look-sum  approach  is  easily  demonstrated.  We  use 
an  example  of  waves-in-ice  data  gathered  during  lime-x 
’87.  Having  formed  the  two  different  spectra  from  the 
same  data  set,  the  ratio  of  look-sum  to  spectrai-sum  is 
taken.  The  result  is  shown  in  Figure  3.  The  unity  value 
of  the  central  (dc)  pixel  value  illustrates  conservation  of 
energy  for  both  methods.  The  spectral-sum  method, 
however,  always  shows  higher  spectral  values  and  hence 
better  wave  contrasts  than  does  the  look -sum  approach. 

As  a  final  note,  consider  a  comparison  between  air- 
borne-SAR-derived  image  spectra  and  spaceborne-SAR- 
derived  image  spectra.  In  making  such  comparisons,  the 
aircraft  flight  lines  may  be  designed  to  minimize  the 

*l,ook-sum  processing  is  also  energy  conservative  if  the  individual 
looks  are  summed  in  the  image  power  domain  as  indicated  in  Figure  2, 
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Figure  3.  Ratio  of  look-sum  to  spectral-sum  spectra  for  an  ex¬ 
ample  of  LiMEX  waves-in-ice  data,  21  March  1987,  The  central 
(OC)  value  is  unity  (white);  the  grey  levels  are  all  (proportionate¬ 
ly)  less  than  unity.  The  scale  is  the  same  as  in  Figure  1. 


velocity-bunching  mapping  nonlinearities  if  there  is  a  pri¬ 
ori  knowledge  of  the  wave  field  to  be  imaged.  The  spec¬ 
tral-sum  approach  should  be  used,  at  least  for  the  air¬ 
borne  data,  to  minimize  noncoherent  motion  effects.  In 
addition,  the  role  of  the  along-track  wave-scaling  term 
in  the  velocity-bunching  mapping  must  be  appropriately 
compensated  in  the  airborne  data  to  ensure  a  sensible 
comparison.  These  will  be  key  issues  considering  vali¬ 
dation  requirements  for  upcoming  spacebome  sar  mis¬ 
sions. 

Removal  of  Directional  Ambiguity.  When  a  periodic 
wave  field  is  analyzed  by  Fourier  transformation,  both 
the  negative  and  positive  frequencies  of  the  wave  field 
lead  to  the  well-known  directional  ambiguity.  This  am¬ 
biguity  may  be  removed  by  observing  the  direction  of 
motion  of  each  wave  component  in  the  set  of  looks.  This 
can  be  done  explicitly  through  wave  tracking  or  spatial 
correlation  methods,  or  implicitly  through  Fourier  anal¬ 
ysis,  either  with  or  without  the  use  of  assumed  wave  dis¬ 
persive  properties.®  The  individual-look  processing  es¬ 
sentially  results  in  a  time  sequence  of  N  looks,  each  sepa¬ 
rated  by  a  time  step 


diT  = 


RAy 

“F  ’ 


(7) 


where  Ay  is  the  angular  separation  between  successive 
look  images. 

One  technique  to  take  advantage  of  this  sequence  and 
resolve  the  propagation  direction  is  to  perform  a  full 
three-dimensional  (two  spatial  and  one  temporal)  Fou¬ 
rier  transform  over  the  look-image  data  set,  followed 
by  detection  and  integration  over  the  unambiguous  fre¬ 


A  B 


Figure  4.  Ambiguous  (A)  and  resolved  (B.i  directional  bar  im 
age  spectra  lor  art  example  o1  waves-m-ice  data.  2t  Marcn  1967 
The  ambiguous  sprectra  were  generated  using  the  spectral  sum 
procedure  The  resolved  spectra  were  generated  using  the 
phase  weighting  method  The  unambiguous  spectra  were  de 
rived  using  every  ether  pair  of  seven  looks  uotai  <  :  live  pairs! 
The  data  were  processed  such  that  the  angular  oHset  between 
successive  looks  was  =  0.52‘  The  subscenes  were  selected 
with  slant  ranges  such  that  Ar  =  1.4  s  for  each  pair  ol  looks 
used  The  open-ocean  dispersion  relation  was  assumed  The 
scale  is  the  same  as  m  Figure  1 


quency  bins.  The  method  works  well  in  principle  but  may 
be  limited  in  the  sar  case  because  of  smaller  practical 
exposure  times  and  a  small  number  of  individual  looks. 
(See  Rosenthal  and  Ziemer,  this  volume.) 

An  alternative  wave-number-domain  ta'hnique  for  re¬ 
solving  the  wave  propagation  direction  uses  a  pair  of  suc¬ 
cessive  look  images,  the  (known)  time  step  between  the 
images,  and  the  appropriate  wave  dispersion  relation.*' 
The  analysis  proceeds  by  assuming  that  the  look-number- 
dependent  phase  term  is  constant  and  known  ba.sed  on 
assumed  knowledge  of  the  wave  dispersion  relation.  If 
the  dispersion  relation  is  known,  the  respective  trans¬ 
forms  from  two  successive  look  images  may  be  combined 
in  conjunction  with  a  scanning  distortion  correction  to 
give  a  correctly  resolved  image  spectrum.  This  approach 
has  the  additional  advantage  that  high-order  harmonics 
and  other  spectral  artifacts  that  do  not  obey  the  (as¬ 
sumed)  dispersion  relation  are  obliterated.  The  main 
drawback,  of  course,  is  the  requirement  for  the  explicit 
use  of  the  wave  dispersion  relation.  Figure  4  presents 
the  results  of  applying  this  technique  to  a  i  ivifx  sar 
data  set. 

DISCUSSION 

We  can  draw  several  conclusions  from  the  limex 
lEWEX  experiments  and  the  data  they  generated.  The 
general  preference  for  a  small  sar  dwell  constant  (Ref. 
11)  is  supported.  This  preference  should  be  qualified, 
however,  since  a  coherence  time  limitation  and  velocity- 
bunching,  multimode  imaging  nonlinearities  still  exist. 
Such  nonlinearities  have  been  ob.served  in  airborne  sar 

tThis  technique  has  been  used  successfully  in  marine  radar  applica¬ 
tions.''  However,  it  seems  to  have  been  abandoned  in  that  field  since 
highly  suitable  sampling  for  the  three-dimensional  spectral  analysis  tech¬ 
nique  is  easily  achieved  with  marine  radar.  (See  Ref.  10  and  Ziemer, 
this  volume.) 
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data  sets,  even  with  a  small  sar  dwell  constant.  There 
would  seem  to  be  a  trade-off  between  small  r„  and  T/ 
constrained  to  be  about  the  same  size  as,  or  slightly  larger 
than,  T.  Thus  the  coherence  factor  may  be  used  to  some 
positive  degree  to  maintain  system  linearity  when  imag¬ 
ing  ocean  waves. 

Wavelength  dependence  of  r  could  be  checked  by  us¬ 
ing  a  three-frequency  airborne  sar.  Care  should  be  tak¬ 
en  to  treat  each  data  set  for  optimal  spectral  contrast 
using  our  spectral  sum  approach.  Otherwise,  the  increas¬ 
ing  interlock  translation  of  the  waves  with  increasing  ra¬ 
dar  wavelength  (T,  and  T^.)  would  confuse  and  bias 
the  conclusions  against  longer  radar  wavelengths. 

When  comparing  airborne  data  sets  to  those  obtained 
or  anticipated  from  spacecraft,  the  pertinent  spatial  and 
temporal  scale  factors  (Table  1)  should  be  considered. 
In  particulai,  for  typical  aircraft  speeds,  the  relative 
phase  velocity  and  the  associated  scale  perturbation  re¬ 
quire  attention.  For  spacecraft  velocities  the  effect  is  less 
pronounced,  and  for  C-band  orbital  sars,  likely  to  be 
unimportant. 

The  once  troublesome  look  misregistration  may  be 
used  to  advantage  to  resolve  the  wave  propagation  direc¬ 
tion.  This  technique  may  potentially  be  applicable  to 
spacebome  sar  systems,  although  it  depends  on  suitable 
SAR  parameters  such  as  beamwidth.  As  a  minimum,  it 
should  lead  to  a  more  informative  comparison  between 
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DIRECTIONAL  SPECTRA  FROM  THE  CCRS 
C-BAND  SAR  DURING  LEWEX 


The  Convair  580  aircraft  of  the  Canada  Centre  for  Remote  Sensing  collected  C-band  synthetic  aper¬ 
ture  radar  imagery  on  five  days  during  the  Labrador  Sea  Extreme  Waves  Experiment.  There  is  good 
general  qualitative  agreement  between  the  wave  modes  observed  by  the  synthetic  aperture  radar  and  those 
observed  by  other  wave-measurement  techniques.  Some  clearly  anomalous  synthetic  aperture  radar  spec¬ 
tral  results  are  explained  on  the  basis  of  velocity-bunching  nonlinearities. 


THE  LEWEX  SYNTHETIC  APERTURE 
RADAR  PROGRAM 

One  component  of  the  Labrador  Sea  Extreme  Waves 
Experiment  (LEW'ex)  was  the  measurement  of  ocean 
waves  by  airborne  synthetic  aperture  radar  (SaR)  to  allow 
a  detailed  study  of  s.ar  ocean-wave  imaging  mechanisms 
and  the  subsequent  extraction  of  useful  wave  informa¬ 
tion  from  the  data.  The  advantages  of  airborne  sar  are 
the  opportunity  for  repeat  pass  coverage  within  a  short 
time  and  the  flexibility  of  platform  geometry. 

The  Canada  Centre  for  Remote  Sensing  (CCRS)  Con¬ 
vair  580  aircraft  was  involved  in  lewex  in  conjunction 
with  the  concurrent  Labrador  Ice  Margin  Experiment 
(LiMEX).''^  The  LEWEX  sar  flights  of  the  aircraft,  with 
its  newly  commissioned  real-time  processing  C-band  sar 
system,^  occurred  on  13,  14,  17,  18,  and  19  March, 
during  the  principal  lewex  period  in  1987,  and  also  on 
25  March.  (The  data  from  the  latter  flight  are  discussed 
elsewhere"*  and  will  not  be  considered  further  here.) 
Each  flight  consisted  of  multiple  passes  over  the  key 
LEWEX  data  collection  sites,  and,  with  the  exception  of 
the  flight  on  13  March,  at  least  one  ship  was  engaged 
in  coincidental  wave-measurement  activities  at  the  prin¬ 
cipal  sites  that  were  overflown.  On  14,  17,  and  18  March, 
nearly  coincidental  wave  measurements  were  also  made 
with  the  surface  contour  radar  (see  Walsh,  this  volume) 
and  the  radar  ocean-wave  spectrometer  (see  Jackson,  this 
volume)  on  the  nasa  p-3  aircraft. 

The  Convair  580  flights,  the  areas  overflown,  and  the 
key  SAR  parameters  are  summarized  in  Table  1.  There 
were  two  basic  flight  scenarios.  On  13  and  19  March, 
the  Convair  580  departed  the  limex/lewex  operations 
base  in  Gander,  Newfoundland,  and  traveled  to  the  mea¬ 
surement  site  near  50°N,  47.5°W,  where  five  passes  with 
different  platform  geometries  were  flown  over  the  site. 
On  14,  17,  and  18  March,  the  Convair  580  departed 
Gander  at  low  altitude,  overflew  the  measurement  sites 
at  50'’N,  47.5°W  and  SO’N,  45°W  along  an  eastbound 
leg,  climbed  to  a  higher  altitude,  and  overflew  the  same 
two  sites  along  a  westbound  leg.  A  third  pass  was  also 
made  over  the  western  site.  The  flying  schedule  was  ar¬ 
ranged  such  that  the  plane  overflew  the  measurement 
sites  at  approximately  1200  UT  on  each  date,  except  on 


19  March,  when  weather  forced  a  (light  delay  of  about 
three  hours. 

In  this  article,  we  coasider  the  results  of  an  image  spec¬ 
tral  analysis  of  the  .sar  ocean  wave  imagery  collected 
during  t.EWEX.  We  e.xplicitly  consider  the  entries  in  the 
I EWEX  composite-plot  spectral  intercomparison  plots' 
(cf..  Beal,  Fig.  10,  this  volume)  that  arc  labeled  sar 
(CCR.S).  These  .sar  image  spectra,  corrected  for  scanning 
distortion,  are  the  only  entries  in  the  tables  that  are  no! 
in  terms  of  calibrated  wave  height.  We  chose  not  to  ap¬ 
ply  a  wave-height  inversion  algoriihnt  (e.g..  Ref.  6)  to 
the  data  because  the  usefulness  of  such  an  inversion,  in 
the  case  of  airborne  sar,  has  yet  to  be  demonstrated. 
We  feel  that  intersensor  comparisons  are  favorable,  at 
least  qualitatively,  with  respect  to  the  sar  image  spectra 
without  the  application  of  such  algorithms.  Also,  e.xisting 
inversion  algorithms  cannot  account  for  obvious  non¬ 
linear  effects  in  the  image  .spectra.  The  results  of  apply¬ 
ing  one  such  inversion  algorithm  to  the  CCRS  i.ewt.x  sar 
data  are  considered  elsewhere  (see  Hasselmann  et  al., 
this  volume). 

The  spectral  processing  applied  to  the  sar  imagery'  at 
CCR.S  is  outlined  below-.  The  contents  of  the  composite 
spectral  tables  are  reviewed  on  a  case-by-case  basis,  in¬ 
dicating  comparisons  that  are  or  are  not  favorable.  Some 
clearly  anomalous  cases  are  considered  from  the  perspec¬ 
tive  of  the  nonlinear  effects  of  mapping  caused  by  ve¬ 
locity-bunching  mechanisms. 

OVERVIEW  OF  SPECTRAL  PROCESSING 

The  principal  steps  for  the  production  of  the  sar  im¬ 
age  spectra  are  summarized  in  Figure  1.  All  of  the  sar 
data  considered  were  processed  by  the  real-time  processor 
(RTF)  on  board  the  aircraft  and  stored  on  high-density 
digital  tape.  The  rtp  produces  seven-look  imagery,  with 
the  looks  summed  in  amplitude.  The  image  data  corre¬ 
spond  to  pixel  spacings  of  3.89  m  in  azimuth  and  4.00  m 
in  slant  range,  with  a  resolution  of  about  6  rn  in  each 
dimension. 

The  sar  image  tapes  were  returned  to  ccRS  in  Otta¬ 
wa,  where  key  scenes  were  transferred  to  computer-com- 
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Table  1.  Convair  580  sar  passes  during  the  principal  lhwea 
period.  Tints  identify  spectra  in  Figure  2. 


Date 

Tiine“ 

(UT) 

P- 

Loc.'' 

Track' 

(deg) 

/I 

(m) 

r 

{ill-  s) 

Dir.' 

3/13 

1234 

1 

1 

(QT 

052 

3627 

108 

L 

1304 

•y 

■> 

(Q) 

162 

3688 

098 

R 

1322 

3 

3 

(Q) 

347 

3688 

115 

R 

1348 

4 

4 

(Q) 

167 

6126 

115 

R 

1406 

5 

5 

(Q) 

347 

60% 

129 

R 

3/14 

1157 

1 

1 

Q 

089 

3688 

128 

R 

1219 

1 

1 

T 

089 

3688 

128 

R 

1259 

2 

2 

T 

270 

6096 

128 

R 

1323 

2 

2 

Q 

269 

6096 

128 

R 

1352 

3 

3 

Q 

227 

6065 

120 

R 

3/17 

1243 

1 

1 

Q 

089 

3840 

111 

R 

1309 

1 

2 

T 

091 

3840 

114 

R 

1334 

2 

1 

T 

271 

6096 

128 

R 

1358 

2 

2 

Q 

269 

60% 

122 

R 

1422 

3 

1 

Q 

180 

60% 

122 

R 

3/18 

1210 

1 

I 

Q 

089 

3657 

131 

R 

1233 

1 

2 

T 

091 

3657 

127 

R 

1258 

2 

1 

T 

271 

60% 

128 

R 

1322 

2 

2 

Q 

269 

60% 

128 

R 

1340 

3 

1 

Q 

180 

6065 

093 

R 

3/19 

1516 

1 

1 

giD” 

074 

3688 

126 

R 

1529 

1 

2 

Q(T) 

254 

3688 

121 

L 

1554 

2 

3 

Q(T) 

344 

3688 

128 

R 

1613 

2 

4 

Q(T) 

164 

3688 

no 

L 

1633 

3 

5 

Q<T) 

298 

3688 

122 

R 

Note;  All  data  were  collected  in  nadir  mode.  The  1 3  March  data  are 
in  ground-range  presentation;  all  others  are  in  slant  range.  The  14  March 
data  are  horizomal-transmit  and  horizontal-receive  polarization;  all 
others  are  venical-vertical  polarization. 

“Approximate  time  of  data  considered  in  spectral  intercomparisons. 
'’Line  number. 

'’Pass  number. 

'*Scene  location:  Q  =  CFAV  Quest  (50°N  47.5°W);  T  =  HNLMS 
Tydeman  (50°N  45  °W). 

‘’Aircraft  track  measured  clockwise  with  respect  to  true  north. 

^  Antenna  look  direction:  L  =  left;  R  =  right. 

*The  Quest  was  not  yet  in  position. 

’’The  Tydeman  had  moved  to  the  Quest  location. 


patible  tape,  and  the  image  products  were  dumped  to 
a  computer  hard  disk,  converted  from  slant  range  to 
ground  range  (if  required),  and  interpolated  to  3.89  m 
by  3.89  m  image  pixels.  Because  of  a  hardware  fault, 
a  bias  term  is  present  in  the  lewex  rtp  sar  imagery,  but 
it  is  estimated  and  removed  before  subsequent  spectral 
analysis. 

Azimuth-oriented  image  swaths  of  512  pixels  (in 
ground  range)  by  40%  pixels  (in  azimuth)  centered  on 
a  52°  incidence  angle  were  extracted  from  each  data  set. 
That  incidence  angle  ensures  consistent  radiometric  be¬ 
havior  for  both  the  high-  and  the  low-altitude  sar  passes 
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Figure  1.  Flow  chart  showing  the  principal  processing  steps 
in  the  production  of  the  sar  image  spectra. 


and  avoids  problems  with  near-nadir  image  data  such 
as  inaccurate  slant-range  to  ground-range  conversions 
and  image  saturation,  (No  sensitivity  time  control  was 
available  for  ocean  work  during  t.EWFX.)  The  data  were 
squared  to  move  into  the  image  power  domain.  (In¬ 
dividual  look  product  cross  terms  are  created  from  the 
RTP  summing  the  looks  in  power.  The  quantitative  im¬ 
pact  of  the.se  terms  has  not  been  assessed.)  This  image 
swath  was  sectioned  into  fifteen  512  pixel  by  512  pixel 
subscenes,  each  overlapping  by  50%.  Each  subscene  was 
subjected  to  a  two-dimensional  polynomial  detrend  oper¬ 
ation,  a  cosine-taper  window,  and  a  fast  Fourier  trans¬ 
form.  The  Fourier  transforms  were  magnitude  detected 
and  ensemble  averaged  using  a  modified  Welch’s  meth¬ 
od.’  The  average  spectra  were  incu  normalized  by  the 
zero  wave-number  value,  giving  a  .spectrum  that  may  be 
interpreted  in  terms  of  wave-number-dependent  spectral 
contrast.’* 

The  symmetrical  image  spectra  were  subjected  to  a 
scanning  distortion  correction  to  account  for  along-track 
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scale  changes.  Interpolation  in  the  two-dimensional 
wave-number  domain  produced  asymmetrical  sar  im¬ 
age  spectra.  The  spectra  were  then  smoothed  using  a  5 
by  5  spectral  bin  Gaussian  smoothing  kernel  with  an 
equivalent  rectangular  width  of  2.5  by  2.5  spectral  bins. 
These  spectra  were  submitted  for  inclusion  in  the  inter¬ 
comparison  plots.' 

SPECTRAL  INTERCOMPARISONS 

On  14  March  (Fig.  2A),  data  were  collected  in  slant 
range,  but  the  exact  nadir  location  is  not  known.  The 
slant-range  to  ground-range  conversion  was  performed 
post-flight.  However,  some  range-dependent  scaling  er¬ 
rors  may  be  present.  There  is  some  evidence  of  a  second 
wave  system  in  the  low-altitude  pass.  The  dominant  wave 
mode  observed  in  all  passes  is  consistent  with  the  single 
mode  measured  by  the  Wavescan  buoy. 

The  17  March  (Fig.  2B)  data  lepresent  the  first  reliable 
data  set  in  terms  of  the  slant-range  to  ground-range  con¬ 
version.  For  this  and  all  subsequent  nadir  mode  data  sets, 
the  data  were  collected  in  slant  range,  with  the  nadir  ex¬ 
plicitly  appearing  in  the  image.  The  slant-range  to 
ground-range  conversion  was  then  performed  accurately 
post-flight.  The  sar  directional  ambiguity  masks  any 
evidence  of  the  opposing  wave  systems  observed  by  the 
Wavescan  buoy. 

The  single-wave  mode  of  18  March  (Fig.  2C)  is  in 
good  agreement  with  the  Wavescan  buoy.  In  the  '  igh- 
altitude  flight,  however,  there  is  a  strong  indicat  n  of 
a  second  wave  mode.  This  anomalous  case  is  discussed 
later. 

For  19  March  (Fig.  2D),  the  data  were  collected  as 
part  of  multisided  pattern  flown  only  at  the  lower  alti¬ 
tude.  In  this  particular  pass,  there  is  good  agreement  be¬ 
tween  the  principal  wave  mode  observed  by  the  sar  and 
that  observed  by  the  Wavescan  buoy.  In  the  next  sec¬ 
tion,  we  consider  this  data  set  further  because  the  im¬ 
age  spectra  from  some  of  the  other  passes  indicate  a  sec¬ 
ond  anomalous  wave  mode. 

SOME  ANOMALOUS  RESULTS 

We  will  now  attempt  to  explain  anomalous  spectral 
modes  observed  in  the  18  and  19  March  data  sets  on 
the  basis  of  velocity-bunching  nonlinearities.  Velocity 
bunching  is  a  remapping  of  scatterer  locations  in  the  sar 
image  azimuth  dimension  as  a  result  of  the  projected 
radial  component  of  the  scatterers’  net  orbital  velocity. 
This  is  an  important  mechanism  for  the  imaging  of  azi¬ 
muth  traveling  ocean  waves  by  sar  systems.”” 

For  an  airborne  sar  system  with  the  geometry  shown 
in  Figure  3,  the  effective  radar  cross  section  due  to 
velocity  bunching  is  described  to  first  order  by" 
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Wavescan  booy  Low  SAR  High  SAR 


Figure  2.  Uncorrected  sar  wave-number  spectra  at  low  and 
high  altitudes  compared  with  Wavescan  buoy  spectra  A.  u 
March  1987.  B.  17  March,  C.  18  March.  D.  19  March.  Inner  and 
outer  circles  correspond  to  400  m  and  100  m,  respectively.  See 
tinted  entries  in  Table  1  for  headings. 


Figure  3.  SAR/ocean  wave  geometry,  x  is  the  azimuth  coor¬ 
dinate,  y  is  the  ground-range  coordinate.  V  is  the  platform  ve¬ 
locity  vector,  h  is  the  platform  height,  »  is  the  local  angle  of 
incidence,  K  is  the  ocean-wave  wave-number  vector,  and  o  is 
the  wave  aspect  angle. 
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A,  K,  0,  and  Q,  are  the  wave-mode  amplitudes  (in 
meters),  wave  numbers,  aspect  angles,  and  phase  veloc¬ 
ities,  respectively,  V  is  the  platform  speed,  h  is  the  plat¬ 
form  height,  6  is  the  incidence  angle,  x  and  y  are  the 
azimuth  and  ground-range  coordinates,  and  g  is  the  ac¬ 
celeration  of  gravity.  Sharp  wave  “crests”  will  be  ap¬ 
parent  in  the  sar  image  when  the  denominator  of  Equa¬ 
tion  1  numerically  approaches  zero.  Such  image  crests 
are  a  function  of  parameters  such  as  wave  amplitude  and 
are  the  result  of  the  nonlinear,  velocity-bunching  map¬ 
ping  process. 

It  is  straightforward  to  examine  this  nonlinearity.  De¬ 
fine 

M 

a  =  E  ,  (7) 

k=\ 

which  is  the  worst-case  value  of  the  coefficient  in  the 
denominator  of  Equation  1 .  The  magnitude  and  sign  of 
the  actual  coefficient  vary  as  a  function  of  spatial  posi¬ 
tion.  The  velocity-bunching  mapping  is  linear  when 
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For  a  unimodal  sea  (M  =  1), 

H,  =  2  yfl  A  ,  (9) 

and 

t^3 

//  =  -  (10) 

describes  the  relation  between  significant  wave  height 
//s  and  wave  modal  period  T  for  various  values  of  the 
mapping  parameter  a. 

We  now  examine  the  role  of  a  relative  to  the  sar  ge¬ 
ometries  experienced  during  lewex  and  the  expected 
wave  climatology.  Figure  4  shows  plots  of  Equation  10 
for  various  values  of  a  and  lewex  sar  parameters. 
Wave  modes  occurring  above  the  lines  are  in  increas¬ 
ingly  nonlinear  mapping  regimes.  The  significant  wave 
height  and  peak  period  observed  by  the  Wavescan 
buoy'^  at  the  HNLMS  Tydeman  location  are  also  plot¬ 
ted,  along  with  wave  climatology  for  the  month  of 
March  as  measured  at  the  Hibernia  oil  drilling  site,  ap¬ 
proximately  300  nmi  south  of  the  principal  lewex  study 
region.  The  contour  levels  are  in  increments  of  1%  oc¬ 
currence  for  the  750  historical  observations  included. 


Figure  4.  Representative  values  of  the  mapping  parameter  i<. 
=  0.1.  0  25,  0  5,  and  1.0  for  ti/V  =  29  s.  o  =  48‘,  and  =  52') 
referenced  to  conditions  observed  during  lEwex  (the  day  of 
March  is  indicated;  the  Wavescan  buoy  measurement  was  at 
approximately  1200  UT)  The  data  are  superimposed  on  the 
Hibernian  March  wave  climatology  with  1%  observation  con 
tour  increments. 


The  key  issue  in  considering  Figure  4  is  the  size  of 
a  for  which  velocity-bunching  mapping  nonlinearilies  be¬ 
come  important,  particularly  for  the  very  moderate  .set 
of  (representative)  lewex  sar  parameters  indicated  in 
the  figure.  Note  that  the  single  ocean-wave  mode  case 
plotted  in  Figure  4  is  conservative  in  terms  of  the  de¬ 
gree  of  nonlinear  mapping  compared  w  ith  the  multimode 
case  that  is  generally  observed  in  nature,  but  the  plotted 
curves  are  a  reasonable  guide.  If  a  =  0.25  represents 
the  onset  of  nonlinear  mapping,  then  nearly  all  wave 
conditions  actually  observed  during  i.ewex  would  be 
subject  to  imaging  nonlinearity. 

Spectra  of  18  March 

The  S.AR  image  spectra  calculated  from  the  four  passes 
of  18  March  are  shown  in  Figure  5.  As  noted,  the  high 
passes  show  an  anomalous  second  wave  mode.  We  sug¬ 
gest  that  this  second  mode  may  be  an  expression  of  the 
velocity-bunching  nonlinearity  induced  by  changes  in  the 
SAR  geometry  relative  to  the  waves  being  observed. 

The  two  main  differences  between  the  high-altitude 
and  the  low-altitude  sar  passes  are  the  change  by  a  fac¬ 
tor  of  nearly  2  in  the  h/  V  ratio  and  the  180°  change  in 
the  SAR  aspect  angle  <1>.  The  velocity-bunching  mapping 
parameters  a  for  these  cases,  based  on  the  Wavescan 
buoy  measurements  and  the  sar  geometry,  are  shown 
in  Table  2.  The  incidence  angle  here  is  52°  for  both  the 
high-  and  the  low-altitude  passes,  but  the  slant-range- 
dependent  coherent  integration  time  T/  varies  with 
h/  y.  Therefore,  we  expect  that  the  scene  coherence  time 
T  should  moderate  the  nonlinearity  more  for  the  high- 
altitude  pass  (larger  7, /r)  than  for  the  low-altitude 
pass  (smaller  T,  /r).  Neverthele.ss,  the  net  effect  is  ap¬ 
parently  a  strong  (in  fact,  dominant)  expression  of  the 
nonlinearity  for  the  high-altitude  pass  only. 
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Figure  5.  Sar  image  wave  number  spectra  from  four  passes 
on  18  March  1987.  The  platform  velocity  vector  is  indicated  by 
the  arrow.  The  inner  circles  correspond  to  100-m  wavelengths 
and  the  outer  to  50-m  wavelengths.  A.  Near  the  Tydeman,  SCN, 
45'‘W,  e  =  52’,  1233  UT,  hIV  =  29  s,  8.  The  same  as  A  but  1257 
UT.  hIV  =  48  s.  C.  Near  the  Quest,  50°N,  47.5’W,  6  =  52°,  1208 
UT,  hIV  =  28  s.  0.  The  same  as  C  but  1321  UT,  hiV  =  48  s. 


Table  2.  Velocity-bunching  mapping  parameter  a  based  on 
(nominal)  Wavescan  buoy  measurements  and  the  SAR/wave  ge¬ 
ometry  from  Table  1. 


Time 

(UT) 

L“ 

pb 

(m) 

T 

(s) 

0 

(deg) 

h/V 

(s) 

(s) 

18  March 

1208 

1 

1 

3.3 

12.1 

30 

29 

1.6 

0.26 

1233 

1 

2 

3.3 

12.1 

30 

28 

1.6 

0.26 

1258 

2 

1 

3.3 

12.1 

30 

48 

2.7 

0.77 

1322 

2 

2 

3.3 

12.1 

30 

48 

2.7 

0.77 

19  March 

1516 

1 

1 

2.6 

11.9 

10 

29 

1,6 

0.18 

1529 

1 

2 

2.6 

11.9 

10 

30 

1.7 

0.38 

1554 

2 

3 

2.6 

11.9 

10 

29 

1.6 

0.34 

1613 

2 

4 

2.6 

11.9 

10 

34 

1.9 

0.56 

“Line  number. 

'’Pass  number. 

‘Coherent  integration  time. 

‘‘Veiocily-bunching  parameter  of  Equation  10. 


Spectra  of  19  March 

The  19  March  data  are  very  important  with  regard 
to  the  dependence  of  the  velocity-bunching  nonlinearity 
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Figure  6.  Sar  image  wave-number  spectra  from  four  passes 
on  19  March;  near  the  Quest,  50°N.  47.5°W.  e  -  52°.  The  plat¬ 
form  velocity  vector  is  indicated  by  the  arrow.  A.  Li  PI.  htV  - 
29  s.  B.  LI  P2.  hIV  =  30  s.  C.  L2  P3,  hIV  =  29  s.  D  L2  P4,  h/V 
=  34  s.  Horizontal  scale  identical  to  Figure  5.  North  (in  this 
figure  only)  is  16°  clockwise  from  vertical. 


on  the  wave  aspect  angle  for  an  airborne  .sar  with  a 
small  h/V  ratio.  There  were  four  passes  over  the  mea¬ 
surement  site,  each  representing  a  different  wave  aspect 
angle.  The  h/V  ratio  was  nearly  identical  for  the  four 
cases.  The  sar  image  spectra  are  shown  in  Figure  6. 
(Corresponding  sets  of  spectral  estimates  from  three  co¬ 
located  buoys  are  given  in  Beal,  this  volume.  Fig.  II.) 
Note  the  appearance  of  a  second  wave  mode  in  pass  2 
and,  to  a  lesser  extent,  in  passes  3  and  4.  In  Table  2, 
a  is  listed  for  the  four  passes.  We  see  that  the  passes 
with  the  smallest  expression  of  the  second  anomalous 
mode  (LI  PI)  correspond  to  the  smallest  value  of  a.  All 
other  cases  have  larger  a  and  greater  expression  of  the 
anomalous  wave  mode.  The  variability  in  a  is  due  sole¬ 
ly  to  dependence  on  the  wave  aspect  angle.  Although 
this  sequence  represents  a  seemingly  controlled  situation 
(i.e.,  fixed  h/V  and  incidence  angle),  the  variability  in 
the  results  demonstrates  that  the  sar  geometry  relative 
to  the  wave  being  imaged  is  very  important  in  governing 
the  velocity-bunching  mapping,  at  least  for  an  airborne 
SAR  system. 

CONCLUSIONS 

We  have  considered  uncalibrated  directional  wave- 
number  spectra  derived  from  CCRS  C-band  rtp  sar  im¬ 
agery  collected  during  lewex.  We  do  not  attempt  to  ap¬ 
ply  an  inversion  algorithm,  and  so  we  do  not  claim  to 
provide  a  calibrated  wave-height  spectrum.  In  spite  of 
this,  we  feel  that  the  sar  generally  measured  wave 
modes  that  are  comparable  to  those  observed  by  the  oth¬ 
er  wave-measuring  systems  deployed  during  lewex. 
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There  is  confusion  in  sone  of  the  spectra  because  of 
the  appearance  of  anomaloi's  wave  modes.  We  claim 
that  many  tsf  these  anomalies  are  due  to  the  expression 
of  velocity-bunching  mapping  nonlinearities.  They  ap¬ 
pear  with  both  large  and  small  h/  V  ratios  and  depend 
on  the  wave  aspect  angle. 

The  spectra  in  the  current  intercomparison  e.xercise 
could  be  improved  by  using  the  spectral-sum  processing 
procedures.'  Furthermore,  new  techniques  for  resolv¬ 
ing  the  propagation  direction  in  single-pass  s.-\r  image 
spectra,  based  on  individual-loo*'  s.^r  imagery,  may  also 
help  the  intercomparisons  (see  Raney  and  Vachon,  this 
volume,  and  Rosenthal,  this  volume). 
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SAR  SCATTERING  MECHANISMS  AS  INFERRED 
FROM  LEWEX  SPECTRAL  INTERCOMPARISONS 


The  ocean  wave  number  response  of  the  C-band  synthetic  aperture  radar  (s\K)  ssstcm  used  in  the 
Labrador  Sea  Extreme  Waves  Experiment  is  compared  for  various  airborne  perspectives  by  using  a  phase- 
coherent  model  of  ocean  wave  scattering  in  the  sak  modulation  transfer  function.  The  directional  be¬ 
havior  of  the  model  appears  to  explain  a  null  in  the  sak  wave  number  response,  close  to  the  range  axis, 
that  is  particularly  evident  at  high  range-to-velocity  ratios  and  high  off-nadir  angles. 


INTRODUCTION 

Previous  research  with  L-band  images  from  both 
Seasat'  and  the  Shuttle  Imaging  Radar-B  (SIr  nr '  has 
shown  that  the  synthetic  aperture  radar  isaki  azimuthal 
response  is  severely  limited  at  the  higher  range-io-velocity 
(/?/  y )  ratios.  A  simple  model  to  explain  the  results  was 
postulated  by  Beal  et  al.'  and  further  extrapolated  by 
Vlonaldo  and  Lyzenga.’  To  first  order,  the  along-irack 
component  of  ocean  wavelength  resolution  or  azimuth¬ 
al  response,  X,  appears  to  vary  according  to 


where  is  the  significant  wave  height,  and  A'  is  an 
empirical  parameter  related  to  the  sea  state  on  spatial 
scales  below  the  resolution  of  the  .sar.  A  major  ques¬ 
tion  of  interest  in  the  Labrador  Sea  Extreme  Waves  Ex¬ 
periment  u.Ew  EX)  was  w  heiher  this  simple  model  could 
be  extended  to  C-band  ocean  imagery.  If  so,  the  impli¬ 
cations  would  be  relevant  to  future  planned  missions 
such  as  the  European  Remote  Sensing  (Ers  d  satellite, 
the  Canadian  Radarsat,  and  the  .vasasir  c  ,  all  of  which 
will  use  C-band  synthetic  aperture  radars. 

The  LEWEX  ocean  images  analyzed  herein  were  col¬ 
lected  by  the  Canada  Centre  for  Remote  Sensing  tccRS) 
C-band  sar  mounted  on  a  cv-580  aircraft.^  The  cars 
airborne  real-time  processor  yielded  8-bit  integer  data 
as  a  seven-look  summation  of  the  backscattered  field  in¬ 
tensity  after  azimuthal  compression  and  amplitude  de¬ 
tection.  During  the  initial  flight  on  13  March  1987,  the 
SAR  was  operated  with  vertical  transmit  and  receive 
polarizations  (VV),  and  the  data  were  recorded  in  the 
ground-range  perspective.  On  14  March,  the  sar  was 
operated  in  a  horizontal  (HH)  polarization  mode,  and  the 
data  were  recorded  in  a  slant-range  perspective.  The  gain 
of  the  SAR  receiver  was  adjusted  on  that  day  to  ensure 
good  amplitude  response  in  a  side  lobe  of  the  antenna 
pattern  located  within  30°  of  nadir.  On  17,  18,  and  19 
March,  the  sar  was  operated  in  the  vv  mode,  data  were 
recorded  in  the  slant-range  peispective,  and  the  receiver 
was  adjusted  for  optimal  amplitude  response  in  the  main 
lobe  of  the  antenna  pattern  between  radar  look  angles 
of  45°  and  65°.  Data  were  acquired  each  day  at  alti¬ 


tudes  of  approximately  3700  and  61(X)  m.  Specific 
parameters  of  all  sar  flights  arc  given  in  Tabic  1  of  the 
article  by  Vachon  et  al.  in  this  volume. 

.A  bimodal  ocean  wave  field  was  observed  on  14 
March  nearly  simultaneously  by  the  sar  and  two  other 
radar  remote  sensors  located  on  a  sasa  aircraft;  the  sur¬ 
face  contour  radar  )S<  ri  (see  the  anicle  by  Walsh  in  this 
volume)  and  the  radar  ocean  wave  spectrometer  irows) 
(see  the  anicle  by  Jackson  in  this  volume).  Between  1 130 
and  1400  UT,  the  sar,  sc  r.  and  rows  each  estimated 
a  surface  wave  spectrum  consisting  of  a  dominant  swell 
(  *  215-m  wavelength)  arriving  from  the  south-southeast 
and  a  weaker  wind-driven  sea  ( =  1 50-m  wavelength)  ar¬ 
riving  from  the  east-nonhea.st.  The  estimated  significant 
wave  height  was  about  4  m  at  both  the  CFAV  Quest 
and  HNLMS  Tydeman  according  to  buoys  deployed  in 
the  area  (e.g.,  see  the  anicle  by  Zambresky  in  this  vol¬ 
ume).  The  objectives  of  the  s-vr  analyses  were  to  deter¬ 
mine  the  practical  limit  of  the  azimuthal  wave  number 
response  in  relatively  high  sea  states,  to  apply  methods 
of  wave  spectra]  estimation  developed  for  L-band  sar 
imagery  to  C-band  data,  and  to  look  for  ev  idence  in  the 
wave  image  spectrum  of  substantial  changes  in  sea  sur¬ 
face  scattering  mechanisms  as  a  function  of  the  radar 
look  angle. 

The  low-altitude  flight  of  the  sar  over  the  Quest  on 
14  March  (designated  sar  scene  14LQ1 1  in  this  article) 
yielded  good  image  data  in  a  main  lobe  of  the  down- 
range  antenna  pattern  for  radar  look  angles  between  45° 
and  60°.  This  was  the  only  day  during  t  rvvt  \  that  the 
sar  was  operated  with  horizontal  polarization  and 
caiibiaied  to  obtain  good  image  data  near  nadir  (e.g., 
l0°-30°).  Hence,  these  data  arc  of  particular  interest  be¬ 
cause  they  were  acquired  with  a  C-band  sar  most  nearly 
like  the  L-band  sar  flown  during  the  nasa  Seasat  and 
SIR  B  missions.  Data  were  converted  to  a  ground-range 
format  at  cars,  preserving  the  4.00-  and  3,89-m  pixel 
(picture  elerrent)  dimensions. 

For  this  ar  alysis,  sar  resolution  was  invest igatei'.  as 
a  function  of  across-track  R/  V  ratios  at  constant  height 
but  variable  look  angle.  The  c  c  Rs  image  product  was 
segmented  into  16  strips,  each  approximately  0.5  km 


no 


downrange  by  16.0  km  along  track,  bach  strip  vuts  l  on- 
rier  anaKv.ed,  and  the  resulting  spectra  were  then  aver¬ 
aged  over  all  range  wave  numbers,  t'igure  1  shows  how 
the  intensity,  power,  and  ii/imuthal  respon-e  ol  the  s  \k 
imagery  varied  as  a  function  of  R/ 1 '.  .-\/imuthal  reso¬ 
lution  is  defined  as  the  waveletigth  A  -  Itt  k^.  cor 
responding  to  the  wave  number  A ,  at  which  the  spectral 
response  falls  to  one-half  of  its  low-fretiuency  value.  In 
agreement  with  Equation  1,  these  data  suggest  a  direct 
proportionality  between  a/imuthal  resolution  and  R/\' 
ratio.  The  meati  return  power  exhibits  a  minimum  at 
about  40°,  corresponding  to  the  first  minimum  in  the 
antenna  gain  pattern. 

PROPOSED  SAR  SPECTRAL. 

MODUI-ATION  MODEL 

Transient  surface-scattering  facets  of  spatial  scale  in¬ 
termediate  between  the  Bragg  wavelength  and  the  s\k 
cell  size  (e.g.,  between  5  and  500  cm  for  1 1  vvt  \)  may 
be  advected  at  the  orbital  velocity  of  long  waves,  yet  fade 
rapidly  compared  with  the  s\r  integration  time.  The  in¬ 
coherent  contribution  to  the  sar  cross  section  may  be 
modeled  as  a  Poisson  random  process'  with  an  au¬ 
tocorrelation  function  whose  Fourier  transform  in  azi¬ 
muth  yields  a  dynamic  transfer  function. 
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where =  arctan(Aj/x).  The  wave  number  response 
parameter,  k  (rad/m),  describes  a  broadband  spectrum 
that  becomes  progressively  narrower  along  the  azimuthal 
wave  number,  A^,  by  the  addition  of  \f  successive 
terms. 

The  i.fiwtxs.XR  spectra  from  14  March  over  the  Quest 
were  examined  to  determine  to  what  extent  they  might 
be  described  by  this  Poisson  model.  Figure  2  illustrates 
the  resulting  azimuthal  wave  number  response  of  the 
low-altitude  flight  as  a  function  of  radar  look  angle.  The 
white  power  profiles  of  the  azimuthal  data  were  used 
to  estimate  Poisson  model  parameters  for  computing  the 
(black)  model  functions  with  Equation  2.  The  azimuth¬ 
al  data  profiles,  D(k.j),  were  used  to  estimate  the  wave 
number  response  parameter,  k,  by  minimizing  a  squared 
reciprocal  error  function 
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for  the  simple  M  =  0  case,  such  that 
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The  broadband  response  characteristics  of  the  data 
profiles  are  well  modeled  with  just  the  lowest-order  term 


Figure  1.  The  mean  intensity,  power  and  a/imuinal  response 
as  a  function  of  fl  V  lor  Sar  scene  14L01 1  A  minimum  in  the 
received  power  occurs  at  about  40‘  (ft  V  »  36  si  The  system 
resolution  IS  limited  by  sea  surface  motion,  which  influences 
the  noncoherent  aspects  oi  sar  imaging  and  results  m  an 
ocean  wave  resolution.  that  vanes  with  the  ft  V  of  the  radar 
platform 


Figure  2.  Fourier  image  power  spectra  over  the  full  azimuth 
at  extent  ol  sar  scene  14LQ11  have  been  computed  over  16 
limited  bands  in  the  downrange  coordinate  Along  track  wave 
number  profiles  of  Ihese  power  spectra  have  been  character 
ized  in  M  terms  of  an  incoherent  scattering  model  described 
by  a  dynamic  wave  number  response  parameter.  * 


(i.c.,  .V/  -  0).  These  model  functions  arc  displayed  to 
the  left  of  the  origin  in  Figure  2.  The  narrowband  be¬ 
havior  of  the  data  profiles  was  approximated  bv  adding 


higher-order  terms  from  liquatiofi  2  t\.  generate  the  mod 
el  functions  appearing  to  the  right  of  the  origin  in  Fig 
ure  2,  stopping  at  M  -  0.  1.2,  3,  ot  4,  when  visual 
comparison  with  the  data  profile  indicated  a  reasonable 
fit  for  each  of  the  16  values  of  radar  look  angle. 

In  the  full-resolution  version  ot  the  svr  imagery,  lit 
tie  spectral  power  was  evident  outside  2ir  25  rad  m. 
Hence,  the  sak  scenes  were  reduced  to  a  correspond¬ 
ing  sample  si/e  of  12.5  m  per  pisel  for  subsequent  anal¬ 
ysis.  The  antenna  pattern  depicted  in  Figure  I  was  first 
estimated  by  computing  the  mean  intensity  over  the  az¬ 
imuthal  coordinate  to  generate  a  smoothed  estimate  of 
the  range-dependent  variation.  Ihe  pixel  intensity  at  each 
downrange  location  was  then  normalized  by  dividing  the 
mean  downrange  intensify  during  a  3  x  3  pixel  averag¬ 
ing  procedure.  Interpolation  reduced  the  resulting 
12.00m  X  1 1.67  m  pixels  to  a  12.5  m  x  12.5  mgnd. 
The  result  of  applying  this  inovge  privessing  prixedure 
to  the  SAR  data  designated  14LQ!  1  (i.e.,  14  \tarch.  low 
altitude  over  the  <^esi  location,  line  1  and  pass  1)  is 
shown  in  Figure  3  along  with  corresponding  Fourier 
power  spectra.  Signal  components  at  the  highcT  azimuth¬ 
al  wave  numbers  clearly  degrade  as  /?/ 1'  increases,  un¬ 
til  only  the  range-traveling  components  arc  detected  at 
R/y  -  89  s,  occurring  at  a  radar  look  angle  of  "^r. 

GENERALIZED  D.ATA  PROCESSING 
PROCEDURES 

Fourier  analysis  was  also  applied  to  sak  imagery  col¬ 
lected  on  13,  14,  17,  18.  and  19  March  in  the  main  an¬ 
tenna  lobe  after  compensation  for  intensity  variation 
downrange  and  conversion  to  cross-sectional  power  (by 
squaring  s,ar  intensities).  A  slant-range  to  ground-range 
conversion  was  applied  when  appropriate  during  pixel 
resampling  to  12.5-m  pixels,  approximately  half  the  nar¬ 
row  swath  resolution*  of  the  (x  rs  aircraft  system.  Fou¬ 
rier  lran.sforms  were  performed  on  sets  of  eight 
consecutive  along-track  image  segments,  each  1.6  km  ', 
after  subtracting  the  mean  cross  section  and  applying 
a  cosine-tapered  window  within  the  square. 

A  Gaussian  wave  number  response  function  was  esti¬ 
mated  from  the  average  of  the  eight  Fourier  power  spec¬ 
tra.  .A  squared -error  function,  defined  by  the  difference 
between  the  logarithm  of  the  average  power  spectrum 
and  a  oest-fitting  two-dimensional  polynomial.''  was 
minimized  to  generate  characteristic  Gaussian  wave  num¬ 
ber  response  widths.  The  resulting  Gaussian  wave  num¬ 
ber  response  function  was  approximated  by  a 
two-dimensional  surface,  G{k\,  it,,),  where 

=G„exp[(c3')  -  (f;)]  .  ,5, 

and  k,  represents  the  radar  range  component  of  the 
wave  number.  The  characteristic  half-widths  a,  and  0^. 
along  with  other  significant  parameters  associated  with 
image  analysis,  are  listed  in  Table  1  for  the  complete  1  rw 
P.X  set  of  analyzed  sar  data.  After  dividing  each  of  the 
eight  Fourier  spectra  by  the  Gaussian  surface  fitting  the 
average  power  response,  each  spectrum  was  corrected  for 


Figur*  1  Wave  image  spect'a  o!  Sar  scene  14LQ11  ftsvc 
been  computed  m  3  2  km  squares  10  relate  image  lesolution 
to  ^ave  number  response  as  eacn  vanes  across  fbe  swam 
Lett  column  four  contiguous  3  2  km  ;v*R  images  VitJdic 
column  raw  spectra  snowing  estimates  ot  Ibe  dynamic  trans 
ter  function  in  tne  azimutbai  (horizontait  coordinate  ftighi 
column  smootned  spectra  vntn  me  outer  circle  at  2t  '50  rad-'rn 

a  unique  dynamic  transfer  fund  ion,  attempting  to  acctHini 
for  coherence  lime  effeds  as  mtxJeled  in  the  Founa  wave 
number  domain  according  to  Fquation  2.  with  \f  ■  0. 

The  instrument-response -corrected  (i.c,,  level  3  of  the 
linear  process')  ssh  image  power  spectra  were  subieci- 
ed  to  several  additional  procedures  to  convert  them  to 
final  estimates  of  ocean  wave  sjicdra.  The  Fourier  wave 
number  domain  of  the  image  power  spectrum  consisted 
of  a  64  X  128  pixel  database  containing  many  zero  ele¬ 
ments.  ,A  Gaussian-weightcd  3  >  3  pixel  convolution 
filter  was  applied  to  eliminate  these  elements  and  ob¬ 
tain  a  reasonably  continuous  spectrum. 

For  the  14  March  (near-nadir)  data  set  only,  a  spa¬ 
tially  uniform  noise  floor,  taken  at  the  mean  power  lev¬ 
el  plus  one  standard  deviation,  was  subtracted  from  the 
power  spectrum.  In  this  way.  the  wave  signal  was  sepa¬ 
rated  from  background  stiKhastic  noise  by  using  a 
Gaussian  statistical  model  of  the  spectral  power  dis¬ 
tribution,  This  power  distribufon  closely  resembled  a 
normal  probability  distribution  after  the  Gaussian  con¬ 
volution  and  wave  number  rcsprvnsc  corrt'clions. 

Finally,  a  modulation  transfer  function  "  based  on 
Doppler  velocity  bunching  and  large-scale  surface  tilt¬ 
ing  was  applied  to  convert  the  ssR-rcsponsc-correcicd 
Fourier  spectrum  to  an  estimate  (i.e.,  level  5  of  the  lin¬ 
ear  process')  of  the  surface  wave  height-variance  spec¬ 
trum,  The  vekx'ity-bunching  and  tilt  rruxiulations  of  the 


Tabte  1.  Lewex  sar  data  summary 


File" 

e 

(deg) 

R/y 

(s) 

a-.'n- 

Oj 

(raU/  m)'" 

(rad/m)" 

K 

(rad.  m)' 

13LQII 

52 

51 

O.KM 

0.16 

0.15 

0,13 

13LQ22 

52 

51 

0.117 

0.24 

0.14 

0.14 

13LQ33 

52 

51 

0.168 

0.18 

0.14 

0.11 

13HQ44 

52 

87 

0.116 

0.21 

0.14 

0,15 

13HQ55 

52 

87 

0.123 

0.21 

0.14 

0.10 

t4LQll 

20 

29 

0.168 

0-17 

0.16 

0.10 

14LTU 

26 

31 

0,185 

0.18 

0,16 

0.11 

14HT22 

25 

53 

0.150 

0.13 

0.15 

0.13 

14HQ22 

20 

50 

0,130 

0.11 

0,14 

0,12 

17LQ11 

52 

56 

0.076 

_ 

— 

0.07 

I7LT12 

52 

56 

0.263 

0.30 

0.25 

0.10 

17HT21 

42 

59 

0.151 

0.19 

0.22 

0.11 

I7HQ22 

42 

59 

0.137 

0.20 

0.22 

0,12 

18LQ11 

52 

45 

0.211 

0.12 

0.20 

0.08 

18LTJ2 

52 

47 

0.265 

0.12 

0.20 

0.07 

I8HT21 

52 

77 

0,153 

0.14 

0.27 

0.22 

18HQ22 

52 

77 

0.125 

0.14 

0.31 

0.20 

I9LQ23 

52 

47 

0.129 

0.12 

0.23 

0.15 

*  In  these  file  names,  the  first  two  numbers  indicate  the  date  in 
March  by  which  c\'  380  operation.,  were  completed;  the  third 
character  indicates  either  low  (L)  or  high  (H)  aircraft  altitude; 
the  fourth  charaaer  designates  the  site  as  either  the  Quest  (Q) 
or  the  Tydeman  (T);  the  fifth  and  sixth  characters  indicate  line 
number  and  pass  number,  respectively,  consistent  with  nota¬ 
tion  accompanying  Table  I  in  the  article  by  Vachon  et  al,  in 
this  volume. 

^The  variables  o,,  Oj.  and  «  represent  the  wave  number  at 
which  empirical  response  functions  fall  to  one-half  their  value 
at  the  origin. 

radar  cross  section  were  assumed  to  be  additive  in  am¬ 
plitude  with  coherent  phase. 

V 

r]{k^,k^)  =  arctan(tan  ^  sin  o)  -  .  (6) 

where  d  is  the  radar  look  angle,  and  =  arctan{A-, /A\, ) 
is  the  direction  of  wave  propagation"  relative  to  the 
SAR  azimuthal  coordinate  (i.e.,  the  flight  direction). 
Hence,  a  total  sar  modulation  transfer  function  was 
modeled  by  applying  the  sum  of  the  velocity-bunching 
and  tilt  modulations  to  the  sar  image  power  spectrum 
to  approximate  the  wave  height-variance  spectrum  (units 
of  m"*). 

The  coherent  phase  of  the  velocity-bunching  mecha¬ 
nism  was  included  in  the  total  modulation  transfer  func¬ 
tion 

F'ik,.  kj  =  F',(k,)  -h  F:(k,,  kj 

+  2F,  {k, )  F.  {k, ,  Ar,| )  cos  r}(k, ,  A',, )  ,  (7) 

where  the  subscripts  t  and  v  refer  to  tilt  and  velocity- 
bunching  terms.  The  sar  image  power  spectrum  was 
divided  by  accounting  for  the  estimated  direction  of 
the  wave  in  determining  the  argument  of  Equation  6. 
The  modulation  fansfer  function  is,  in  general,  degener¬ 
ate  to  the  extent  that  the  180°  ambiguity  in  the  sar  mea- 
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where  •  is  the  grasiiatjonal  aceeleraiion. 

The  sxR  image  sixvira  computed  for  1 1  wi  \  data  ac¬ 
quired  t>n  14  March  were  previously  compared  with  st  k 
and  ROWS  ocean  wave  height-variance  spectra,  normal¬ 
ized  in  units  of  m’  by  subtracting  an  arbitrary  l  ouricr 
noise  ptvwer  threshold  between  Icscls  and  5  of  the  lin¬ 
ear  SAR  spectral  correction'  process.  A  similar  thresh¬ 
old,  equal  to  the  mean  Eburier  power  plus  one  standard 
deviation,  was  applied  to  the  st  r  height-variance  spec¬ 
tra  (after  normalization  to  units  of  m^)  and  to  the 
Rcms  spectra  (after  normalization  to  units  of  m‘>  as¬ 
sumed  to  represent  slope-variance  spectra,  This  strate¬ 
gy  for  comparison  was  attractive  because  the  same 
statistical  threshold  was  applied  to  all  three  radar  sen¬ 
sors  in  what  was  assumed  to  be  the  spectra]  domain  cor¬ 
responding  to  a  particular  instrument’s  measurement  of 
cross-sectional  modulation.  Both  s<  Rand  Rowsspa'tra. 
however,  had  already  been  processed  with  instrument 
response  functions  that  may  well  have  included  subtrac¬ 
tion  of  noise  thresholds  (sec  the  articles  by  Walsh  and 
by  Jackson  in  this  volume)  in  formatting  the  Cartesian 
sc  R  and  polar  rows  data  prcxiucts. 

Figure  4  depicts  the  s<  r  spectral  data  in  units  of  m'' 
and  the  rows  spectral  data  in  units  of  m'  rad  at  the 
Quest  and  Tydeman  Icxations  on  14  .March.  After  in¬ 
creasing  azimuthal  spectral  power  by  using  a  dynamic 
transfer  function  correction,  the  s-vr  level  3  spectrum 
most  closely  resembles  Jackson’s  rows  spectrum.  Sub¬ 
sequent  subtraction  of  the  arbitrary  noise  threshold  and 
correction  for  the  phase-coherent  modulation  transfer 
function  have  the  effect  of  diminishing  sar  azimuthal 
spectral  power  to  somewhat  below  that  of  the  sc  r  spec¬ 
trum.  representing  an  estimate  of  spcx'tral  energy  densi¬ 
ty  in  units  of  m^  If  the  sc  r  is  taken  as  the  primary 
standard,  then  the  inverse  sar  correction  at  level  ap¬ 
pears  to  underestimate  azimuthal  wave  power. 

The  wave  spectral  densities  measured  by  an  sar  will 
be  shifted  in  a  direction  opposite  the  flight  direction^ 
in  proportion  to  the  ratio  of  the  phase  velocity  (g/A') 
to  the  platform  velocity  V'.  Here,  A'  represents  the  ac¬ 
tual  ocean  wave  number,  as  opposed  to  A  -  (A;  ^ 
A')  representing  the  s  vr  estimate  of  wave  number. 
The  1 1  vvFX  SAR  spectra  were  interpolated  to  a  grid  lin¬ 
ear  in  the  actual  azimuthal  ocean  wave  number.  A,', 
from  a  grid  linear  in  the  sar  observed  azimuthal  wave 
number. 
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Figure  4.  Spectra  of  SCR,  rows,  Sar 
level  3,  and  sar  level  5  over  wave 
numbers  increasing  linearly  from  0  at 
the  center  of  each  frame  to  2)r/1Q0 
rad/m  at  the  outer  circle,  A.  Quest  lo¬ 
cation.  8.  Tydeman  location.  The  col¬ 
or  bar  depicts  spectral  power 
increasing  to  the  right  in  ur.its  of  m** 
for  the  SCR  and  m^frad  for  the  rows. 
The  SAR  level  5  spectra  have  been 
normalized  in  units  of  m**  for  these 
flights  at  the  lower  altitude.  The  sar 
level  3  spectra  indicate  that  azimuth¬ 
al  wave  response  is  adequate  at  an 
early  stage  of  spectral  data  pro¬ 
cessing. 


Figure  5.  Average  power  spectra  for 
each  of  the  five  sam  flights  on  13 
March  1987,  showing  evidence  near 
the  range  axis  of  a  characteristic  null 
that  is  rotated  clockwise  (2  and  4)  or 
counterclockwise  (3  and  5),  depend¬ 
ing  on  the  radar's  orientation  relative 
to  the  wave  direction.  The  lewex 
common  wind  field  estimate  at  the 
Quest  on  13  March  at  1200  UT  was 
approximately  15  m/s  from  60”,  near¬ 
ly  opposite  the  heading  of  flight  line 
1.  The  outer  circle  is  at  2x-/50  rad/m. 


A:,  =  A:,' 


(g/^l 


(10) 


The  measured  spectral  estimates,  )  and  S(^j  ),  at 
the  nearest  input  grid  points  were  then  used  to  compute 
a  revised  spectral  estimate, 


S{A:;)  =  S(A:,  )  +  (SlAr^  )  -  S(/c,  )] 
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(ID 


where  the  “.f  ”  and  signs  denote  the  two  input 
SAR  grid  nodes  closest  to  the  sar  wave  number  computed 
via  Equation  10  for  the  desired  output  grid  node  kj. 

The  SAR  imagery  over  the  Quest  on  1 3  March  demon¬ 
strates  the  importance  of  accounting  for  the  directional 
aspects  of  the  velocity-bunching  modulation.  Figure  5 
shows  spectral  estimates  for  five  separate  aircraft  geom¬ 
etries,  the  first  three  at  low  altitude  (R/ T  *  50  s)  and 
the  last  two  at  high  altitude  (/?/  F  *  85  s).  Flights  2  and 


4  are  collinear,  with  the  radar  looking  downwind  to  its 
right.  The  raw  sar  power  spectra  for  both  of  these 
flights  depict  a  range-traveling  wave  that  is  split  by  a 
null  located  clockwise  from  the  range  axis.  Flights  3  and 

5  are  also  collinear,  but  in  the  opposite  direction  rela¬ 
tive  to  flights  2  and  4;  therefore,  the  radar  is  looking 
upwind  to  its  right  in  flights  3  and  5.  The  raw  power 
spectra  for  both  of  these  flights  also  show  a  range¬ 
traveling  wave,  but  the  wave  is  split  by  a  null  located 
counterclockwise  from  the  range  axis.  This  directional 
behavior  of  the  null,  presumably  resulting  from  the  co¬ 
herent  addition  of  the  tilt  and  velocity-bunching  modu¬ 
lations,  is  consistent  with  the  sign  reversal  implicit  in 
Equation  6.  The  presence  of  this  notch  is  evidence  that 
velocity  bunching  is  a  significant  modulating  mechanism, 
even  for  a  range-traveling  wave  field  if  it  is  moderately 
spread  in  the  azimuthal  coordinate. 

Figure  6  illustrates  important  properties  of  the  inverse 
SAR  modulation  transfer  function  as  the  incidence  an- 
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Figure  6.  The  sar  inverse  modulahon  transfer  function  is  Figure  7.  Ocean  wave  height-variance  spectra  computed  from 

computed  as  the  reciprocal  of  Equation  7  to  compare  effects  5/^^  data  and  rotated  to  a  vertical  north  orientation  are  dis- 

of  platform  ft/I/  (87,  50, 46,  and  29  s)  and  altitude  (3658  and  6096  played  with  color-coded  contours  linearly  spaced  in  relative  units 

m)  on  its  symmetry  about  the  range  axis.  The  outer  circle  is  of  ^,4  i_ow-  (L)  and  high-  (H)  altitude  flights  of  the  radar  over 

at  27r/1(X)  radfm.  A  20  look  angle  and  an  ft/V  of  29  s  nearly  bal-  Quest  (O)  and  Tytieman  (T)  locations  on  13.  14.  17,  and  18 

ance  sar  response  characteristics  in  the  range  and  azimuthal  March  are  depicted,  yielding  spectra  that  have  been  converted 

coordinates  at  the  innermost  circle,  which  is  at  2ir/200  rad/m.  by  using  a  phase-coherent  model  of  velocity-bunching  and  lilt 

modulations.  The  outer  circle  is  at  2ir/100  rad/m.  (See  Table  1 
of  Vachon  (this  volume)  for  a  full  explanation  of  the  file  names.) 


gle  and  the  range-to-velocity  ratio  are  varied.  An  s.-\r 
image  spectrum  will  appear  to  be  split  along  the  ma.xi- 
mum  in  the  inverse  F'^{k,,  k^)  function  that  was  ap¬ 
plied  to  estimate  the  ocean  wave  spectrum.  For  the 
LEWEX  SAR  data  set,  it  was  usually  possible  to  determine 
whether  the  dominant  waves  were  traveling  toward  or 
away  from  the  radar  by  using  SCR  data,  ship  buoy  data, 
or  wave  model  estimates  (see,  e.g.,  the  articles  by  Walsh, 
by  Keeley,  and  by  Gerling  in  this  volume).  By  using  these 
a  priori  estimates,  the  coherent  phase  relations  of  Equa¬ 
tions  6  and  7  were  applied  to  a  larger  lewex  sar  data 
set  to  estimate  ocean  wave  height-variance  spectra  on 
13,  14,  17,  18,  and  19  March.  Results  for  the  first  four 
of  these  days  are  shown  in  Figure  7.  By  using  the  model 
described  previously  for  the  coherent  modulation,  the 
splitting  of  the  spectra  can  be  “healed”  on  13  March, 
but  the  spectrum  remains  split  near  the  range  axis  for 
the  high  flight  of  the  sar  on  18  March. 

CONCLUSICNS 

For  LEWTX,  the  azimuthal  spectral  response  of  the  air¬ 
craft  SAR  is  optimal  in  a  narrow  swath  located  between 
nadir  and  the  first  minimum  of  the  antenna  pattern 
downrange,  where  R/V  <  30  s.  The  azimuthal  wave 
number  response  degrades  as  the  R/V  ratio  increases, 
and  appears  to  be  well  described  by  Equation  1 .  This 
result  seems  to  be  as  valid  for  the  ccrs  aircraft  C-band 
SAR  as  it  is  for  the  Seasat  L-band  sar.'  For  a  signifi¬ 
cant  wave  height  of  4.3  m,  measured  by  the  scr  on  14 
March  in  the  vicinity  of  the  Quest,  substitution  of  the 


measured  resolution  into  Equation  1  yields  a  proportion¬ 
ality  factor  of  K  =  1.1  (m/s-)  . 

Reducing  the  R/V  ratio,  which  can  be  achieved  by 
lowering  the  altitude  of  the  sar  platform,  is  beneficial 
in  balancing  the  range  and  azimuthal  components  of  the 
Sar  modulation  transfer  function.  A  near-nadir  look  an¬ 
gle  also  increases  theoretical  range  modulation  relative 
to  azimuthal  modulation,  but  requires  that  the  specular 
component  of  the  surface  backscatter  be  modeled  to  dis¬ 
tinguish  a  wave-modulated  signal  from  surface-glint  ran¬ 
dom  noise.  The  hh  polarization  is  preferred  over  the  v\ 
polarization  in  increasing  the  surface  wave  tilt  modula¬ 
tion  of  the  model,  as  quantified  in  Equation  8, 

The  14  March  spectral  intercomparisons  show^  ex¬ 
cess  wave  energy  in  the  range  coordinate  for  the  sar 
spectra  relative  to  both  the  scr  and  the  rows  spectra. 
This  result  indicates  that  hydrodynamic  modulation  of 
ocean  surface  scattering  at  C-band  may  be  important. 
Surface  roughness  and  radar  backscatter  are  probably 
modulated  by  transient  interactions  between  the  wave 
surface  and  the  turbulent  wind  field,  tending  to  mask 
the  colierent  contributions  to  the  cross-sectional  modu¬ 
lation.  The  horizontally  polarized  sar  responded  ade¬ 
quately  to  the  azimuthally  traveling  wave  system  of  14 
March  (see  Fig.  3)  near  nadir  and  in  the  main  antenna 
lobe.  The  sar  imaging  model'  might  be  improved  if  the 
coherent  modulation  could  be  augmented  by  hydrody¬ 
namic  modulation,  even  though  such  modulation  is 
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poorly  understood  at  present.  Some  combination  of  the 
dynamic  transfer  function  (Eq.  2)  and  the  coherent  trans¬ 
fer  function  (Eq.  7)  might  be  found  to  better  match  sar 
spectra  (see  Fig.  4)  to  rows  and  scr  spectra.  Better 
statistical  models  of  short-scale  wind  and  wave  interac¬ 
tions  are  necessary  to  improve  the  utility  of  sar  trans¬ 
fer  functions.  The  sar  spectra  are  likely  to  be  most 
useful,  and  the  sar  transfer  function  is  likely  to  be  most 
predictable  and  robust,  at  low  off-nadir  angles  and  low 
R/V  ratios. 
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INTERPRETATION  AND  APPLICATION  OF  SAR 
WAVE  IMAGE  SPECTRA  IN  WAVE  MODELS 


A  new  closed  integral  transform  relation  describing  the  nonlinear  mapping  of  a  surface-wave  spec¬ 
trum  into  a  synthetic  aperture  radar  (Sar)  image  spectrum  is  presented  and  applied  to  selected  Labrador 
Sea  Extreme  Waves  Experiment  cases.  The  new  results  agree  well  with  observations  and  with  computa¬ 
tions  using  earlier  Monte  Carlo  techniques.  The  integral  transform  can  be  expanded  in  a  series  whose 
terms  can  be  computed  rapidly  using  fast  Fourier  transforms.  The  series  expansion  of  the  integral  tran.s- 
form  expression  is  also  useful  in  identifying  the  relative  contributions  of  different  imaging  mechanisms. 


INTRODUCTION 

Synthetic  aperture  radars  (Sar’s)  to  be  flown  on  ocean 
satellites  and  polar  orbiting  platforms  in  the  1990s  will 
provide  ocean  wave  modelers  for  the  first  time  with  glob¬ 
al  measurements  of  the  two-dimensional  ocean-wave 
spectrum.  This  should  bring  an  unprecedented  boost  to 
ocean-wave  modeling  But  sar  images  of  the  ocean- 
wave  surface  are  not  easily  interpreted.  They  are  often 
strongly  nonlinear  and  show  pronounced  asymmetries 
with  respect  to  range  and  azimuthal  imaging.  The  devel¬ 
opment  of  appropriate  methods  for  the  efficient  process¬ 
ing  and  assimilation  of  sar  wave  data  into  ocean-wave 
models  is  not  straightforward  and  presents  a  major  chal¬ 
lenge  to  the  ocean-wave  community. 

The  basic  mechanisms  of  sar  ocean-wave  imaging  are 
nevertheless  rather  well  understood  today  (cf.  Ref.  1). 
In  particular,  the  characteristic  nonlinearity  and  range- 
azimuth  asymmetry  of  sar  wave  images  can  be  ex¬ 
plained  by  the  large  azimuthal  displacements — compared 
with  the  scales  of  the  long  waves— of  individual  back- 
scattering  elements  in  the  image  plane  caused  by  the  or¬ 
bital  motions  of  the  long  waves. 

To  cope  with  this  strong  nonlinearity,  computations 
of  the  transformation  of  a  surface-wave  spectrum  into 
a  sar  image  spectrum  have  been  carried  out  in  the  past 
largely  by  means  of  “brute  force”  Monte  Carlo  simula¬ 
tions,^^  in  which  a  series  of  random  realizations  of  the 
sea  surface  is  generated  for  a  given  ocean-wave  spectrum, 
and  the  sea  surface  is  mapped  into  the  sar  image  plane, 
pixel  by  pixel,  for  each  redization.  The  sar  images  are 
then  Fourier  transformed,  and  the  squared  Fourier  am¬ 
plitudes  are  averaged  over  the  ensemble  of  realizations 
to  obtain  an  estimate  of  the  image  variance  spectrum. 
Typically,  20  to  50  individual  sea-surface  realizations  (40 
to  100  degrees  of  freedom)  need  to  be  mapped.  The 
method  is  relatively  costly  in  computer  time  and  suffers 
from  the  usual  Monte  Carlo  statistical  sampling  uncer¬ 
tainty.  Also,  it  does  not  offer  a  simple  approach  to  the 
inverse  problem  of  estimating  the  surface-wave  spectrum 
from  a  measured  sar  image  spectrum. 

Recently,  a  new  closed  integral  relation  for  the  map¬ 
ping  of  a  surface-wave  spectrum  into  a  sar  image  spec¬ 


trum  has  been  derived  by  Hasselmann  and  Hassel- 
mann.*  Although  the  transformation  is  strongly  non¬ 
linear,  a  closed  relation  between  the  input  surface-wave 
spectrum  and  output  sar  spectrum  could  nevenheless  be 
derived  by  making  use  of  the  Gaussian  property  of  the 
input  wave  field,  which  enables  all  higher  order  nonlinear 
dependencies  on  the  input  field  to  be  reduced  to  the  sur¬ 
face-wave  spectrum. 

The  closed  integral  expression  can  be  readily  evaluated, 
after  a  suitable  series  expansion,  by  means  of  fast  Fourier 
transforms  (FFt’s).  The  computing  time  fless  than  1  s  per 
spectrum  on  a  crav-2  computer)  is  short  enough  for  the 
method  to  be  applied  operationally  to  satellite  sar  data. 
The  integral  was  also  evaluated  directly  without  expan¬ 
sion,  and  although  the  rnr  technique  could  not  be  ap¬ 
plied,  essentially  identical  results  were  obtained  with 
comparable  computation  times  for  somewhat  reduced 
spectra!  resolution. 

The  series  expansion  of  the  integral  transform  relation 
is  also  useful  in  clarifying  the  role  of  the  various  imag¬ 
ing  mechanisms.  Thus,  the  relative  contributions  from 
hydrodynamic  and  tilt  modulation,  from  linear  velocity 
bunching,  from  the  interference  between  these  processes, 
and  from  higher  order  nonlinear  velocity-bunching  inter¬ 
actions  can  be  individually  identified  as  separate  spec¬ 
tral  terms  of  the  series  expansion. 

The  closed  transformation  expression  has  the  addi¬ 
tional  advantage  of  lending  itself  readily  to  inversion  by 
means  of  iterative  inverse  modeling  methods.  Details  are 
given  in  Ref.  8. 

In  this  article,  the  results  of  the  theory  are  summarized 
and  applied  to  examples  from  the  Labrador  Sea  Extreme 
Waves  Experiment  (lewex),  using  as  input  hindcast 
wave  spectra  computed  with  the  w'am  wave  model. 
The  theory  is  verified  by  comparing  the  new  computa¬ 
tions  with  the  Monte  Carlo  simulations. 

CONCEPTS  AND  NOTATIONS 

To  discuss  meaningfully  the  new  transformation  rela¬ 
tion  presented  in  the  next  section  and  interpret  its  sub¬ 
sequent  application  to  lewex  sar  spectra,  some  basic 
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concepts  and  notation  need  to  be  introduced.  See  Ref. 
1  for  a  review  of  the  standard  two-scale  theory  of  sar 
imaging  of  a  surface-wave  field  on  which  these  concepts 
are  based.  The  derivation  of  the  spectral  transformation 
relation  is  given  in  Ref.  8. 

It  is  convenient  to  regard  the  sar  surface-wave  image 
as  the  result  of  two  consecutive  imaging  mechanisms: 
the  cross-section  modulation  that  produces  the  frozen 
surface  image,  /’*(/■),  and  the  additional  motion  effects 
that,  together  with  the  frozen  surface  contribution,  yield 
the  net  sar  image,  /^(r),  where  r  is  the  position  vector. 

The  Frozen  Surface  Contribution 

The  frozen  surface  image,  /'*(/■),  of  a  linear  ocean- 
wave  field  corresponds  to  the  image  that  would  be  ob¬ 
tained  by  a  real  aperture  radar  (Rar).  To  a  good  appro.x- 
imation,  it  can  be  linearly  related  to  the  surface-wave 
field. 

The  surface- wave  elevation  f  (r,  t)  of  a  linear  ocean- 
wave  field  can  be  decomposed  into  a  superposition  of 
freely  propagating  wave  components: 

f(r,  t)  =  ^dk  If  (A:)  c\p(i[k  ■  r  -  cj/]) 

+  complex  conjugate)  ,  (1) 

where  w  =  VgA:  is  the  gravity-wave  frequency,  l  is 
time,  f  is  the  wave  height,  i  designates  the  “imaginary 
part  of,”  and  k  is  the  wave  number  vector.  To  avoid 
a  proliferation  of  symbols,  we  shall  use  the  some  symbol 
for  a  function  and  its  Fourier  transform,  distinguishing 
the  two  where  necessary  by  their  arguments.  If  the  rar 
imaging  mechanism  is  linear,  the  variations  of  the 
(specific)  backscattering  cross  section,  a{r,  t),  can  be 
similarly  decomposed  into  free  wave  components: 

a(r,  /)  =  d{  1  I  dAc  [/7j(Ac)  exp(/{Ac  •  r  -  oj/]) 

+  complex  conjugate] )  ,  (2) 

where  the  cross-section  modulation,  m{k),  is  linearly 
related  to  f  (A:)  through  a  modulation  transfer  function 

(MTF),  T^(kh 


m(k)  =  r«(A)  f(fc)  ,  (3) 

and  d  denotes  the  space-time  averaged  cross  section. 

The  RAR  MTF,  T^(k),  can  be  further  decomposed  into 
tilt  and  hydrodynamic  contributions: 

T^k)  =  T'(k)  +  T\k)  .  (4) 

The  tilt  and  hydrodynamic  mtf’s  have  been  discussed 
in  detail  by  various  authors.^'  For  the  general  the¬ 
ory,  however,  we  require  only  the  net  frozen  surface 
MTF,  T*(Ac),  without  invoking  its  decomposition  into  tilt 
and  hydrodynamic  components.  We  point  out  also  that 
although  we  present  here  a  quantitative  closed  theory 
for  the  imaging  mechanism  as  such,  the  details  of  the 
hydrodynamic  mtf  required  as  input  (and  its  possible 


nonlinear  corrections)  are  still  only  poorly  known  and 
need  further  study. 

The  frozen  surface  s\R  image  represents  a  snapshot 
of  the  field  o(r,  ()  at  a  particular  time,  say  /  =  0.  Mea¬ 
suring  the  image  modulation  intensity  l^(r)  (after  sub¬ 
traction  of  the  mean)  in  units  of  the  normalized  cross 
section,  a(r,  0)/(), 


I\r) 


o(r.  0) 
a 


and  introducing  the  Fourier  ituegraU 

we  have,  from  Equation  2, 


(5) 

(6) 


I^{k)  =  in(k)  +  m(-  k)'  .  (7) 


where  the  asterisk  indicates  a  complex  conjugate.  We 
have  ignored  here  the  sar  system  mti-,  It  appears  simply 
as  an  additional  factor  in  Equation  7  that  we  may  re¬ 
gard  as  absorbed  in  the  definition  of  m{k). 

We  have  also  ignored,  for  simplicity,  distortion  effects 
because  a  side-looking  radar  does  not,  in  fact,  make  a 
field  snapshot  image  but  builds  up  the  image  from  a  se¬ 
quence  of  consecutively  imaged  snapshot  strips.  Thus, 
moving  waves  are  imaged  with  slightly  Doppler  displaced 
“wave  numbers  of  encounter.”  (This  straightforward 
geometric  effect  applies  equally  for  a  rar  and  a  sar  and 
should  be  distinguished  from  the  sar  motion  effects 
summarized  in  the  following  section.) 

Finally,  we  have  not  considered  clutter  effects.  To  first 
order,  they  may  simply  be  represented  as  an  additional 
clutter  noise  spectrum  superimposed  on  the  image  spec¬ 
trum  discussed  here.''* 

We  note  that  according  to  Equation  7, 

/"(At)  =  /■*■(-*)  ,  (8) 

in  accordance  with  the  reality  condition  for  a  frozen  two- 
dimensional  surface,  whereas  C(At),  {■(-*)  and,  similarly, 
m{k)y  nt(-k)  refer  to  different  time-dependent  wave 
components  propagating  in  opposite  directions  and 
which,  therefore,  are  not  related. 

In  terms  of  the  directional  wave  spectrum  P(k),  de¬ 
fined  by 


<nA)r(*')>  =  5(A  -  Ac') 


F{k) 

2 


(9) 


(where  the  angle  brackets  denote  ensemble  means)  such 
that 


<r^>  =  J  F{k)  dk  ,  (10) 

and  the  frozen  surface  sar  image  variance  spectrum 
P^(k)  is  defined  by 

</"'(*)/’’(*')>  =  b(k  -  k')P\k)  ,  (11) 


with 


</"■>  =  j  P^(k)  dk  .  (12) 

the  linear  amplitude  relations  (Eqs.  3  and  7)  translate 
into  the  linear  relation 

P\k)  =  >/:  [\T\k)\-  F(k)  +  \T\-k)\-  H-k)\  . 

(13) 

Motion  Effects 

We  limit  the  discussion  of  motion  effects  to  pure  ve¬ 
locity  bunching.  Higher  order  acceleration  smearing  can 
be  included  in  the  general  theory/  but  it  is  usually 
small  and  will  be  ignored  here  for  simplicity. 

Velocity  bunching  arises  through  the  variable  azimuthal 
displacements,  of  individual  backscattering  elements  in 
the  image  plane  caused  by  the  spatially  variable  long-wave 
orbital  velocities.  According  to  standard  sar  theory, 

?  =  ,3v  .  (14) 

where  v  is  the  range  component  of  the  local  long-wave 
orbital  velocity  advecting  the  small-scale  backscattering 
element,  and 

d  =  p/t/  ,  (15) 

where  p  is  the  slant  range  and  U  is  the  platform  velocity. 

For  displacements  that  are  small  compared  with  the 
characteristic  wavelength  of  the  long  waves,  the  velocity 
bunching  mechanism  can  be  linearized  and  described  by 
a  velocity  bunching  mtf: 

T'\k)  =  -m,T'{k)  ,  (16) 

where  the  orbital  velocity  mtf  is 

+  i  cos  0^  ,  (17) 

The  SAR  image  spectrum  is  then  given  by  the  linear  ex¬ 
pression 

pHk)  =  '/2iir^(k)i^F(k)  +  ir^(-k)i^F(~k)}  , 

(18) 

where  the  net  sar  mtf  is 

T''(k)  =  T'^(k)  +  r'^(k)  .  (19) 

The  index  S  refers  here  and  in  the  following  to  the  sar 
image,  including  motion  effects,  while  the  index  /?  refers, 
as  before,  to  the  frozen  surface  rar  image. 

The  Hi. ear  theory  has  only  limited  applicability.  As 
will  be  shown  later,  it  breaks  down  in  all  cases,  even  for 
low  sea  states,  for  high  azimuthal  wave  numbers.  The 
general  nonlinear  transformation  expression  presented 
in  the  next  section  yields,  to  lowest  order,  a  simple  quasi- 
lliieai  generalization  of  Equation  18  containing  an  ad¬ 
ditional  nonlinear  azimuthal  cutoff  factor.  This  is  found 
to  be  quite  widely  applicable  and  provides  a  reasonable 
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qualitative  description  of  the  sar  spectrum,  even  in 
strongly  nonlinear  cases. 

The  above  relations  define  all  quantities  needed  to 
write  the  general  spectral  nonlinear  transfer  expression, 
with  the  exception  of  three  autocovariance  and  covari¬ 
ance  functions,  which  are  formed  from  quadratic  prod¬ 
ucts  of  the  fields  v  and  at  lime  lag  zero  and  finite 
spatial  lag  r: 

/‘(r)  =  <v(a:  -f  r)v(x)> 

=  j  F{k)\T'  {k)\'  expUk  ■  r)  dk  ,  (20) 

/“(r)  =  +  r)/'*(4r)> 

=  j  '/MT(A)|T«(A)|- 

+  T( -Alir"! -)t)l-)  e.xpOA-  ■  r)  dk  .  (21) 

/«‘(r)  =  (/'^(x  +  r)v(a:))  -  j  'd  (F{k)J^  {k)T' {k)‘ 

-F  F{  ~k)T''  {  -k)’T'  {  -k)  exp(iA  •  r)  dk  . 

(22) 

THE  CLOSED  NONLINEAR  SPECTRAL 
TRANSFORMATION  RELATION 

The  general  nonlinear  spectral  transformation  relation 
derived  in  Ref.  8  is  presented  in  two  forms:  as  a  closed 
nonlinear  integral  transform  expression,  and  as  a  power 
scries  expansion.  The  general  integral  form  does  not  lend 
itself  readily  to  computation  by  fast  transform  techniques, 
whereas  the  terms  of  the  power  series  expansion  can  be 
evaluated  individually  by  fast  Fourier  transforms.  Thus, 
the  expan.sion  form  can  usually  be  computed  more  rapid¬ 
ly.  The  decomposition  into  a  .series  also  provides  a  clearer 
picture  of  the  interplay  of  the  various  lint  and  non¬ 
linear  imaging  mechanisms  in  the  formation  of  the  final 
image. 

The  transform  was  computed  both  by  direct  integra¬ 
tion  (using  a  lower  resolution  representation  of  the  spec¬ 
trum)  and  by  the  fast  Fourier  transform  expansion 
method.  The  results  were  essentially  identical. 

The  closed  integral  expression  has  the  form 

P''(A)  =  (Ztt)  'expl-/c:C‘l  I  dr  e  '* '■exp[A':d'/'(r)] 

X  |1  +  -  /'*’(- f)] 

+  -  ./■"'(())]  [/"'(-^r)  - 

/"'(0)]1  .  (23) 

where 

C  =  /3  <V“>  (24) 

is  the  root  mean  square  azimuthal  displacement. 

The  power  series  expansion  is  obtained  by  expanding 
the  second  exponential  factor  in  Equation  23.  (It  is  the 
dependence  of  this  factor  on  k;  that  destroys  the  other¬ 
wise  straightforward  Fourier  transform  structure  of  the 
integral.)  One  obtains  a  series  of  the  form 
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P\k)  =  exp(--trr')  i;  r  {k.aVPlAk)  , 

(25) 


/?  ;=  I  m  ~  In  -Z 


where  the  index  n  indicates  the  order  in  nonlinearity  with 
respect  to  the  input  wave  spectrum,  and  the  index  ni  the 
order  with  respect  to  the  velocity-bunching  parameter 
0  (which  is  seen  to  occur  always  in  combination  with 
the  azimuthal  wave  number  A',  ). 

Explicitly, 


Pli„  = 

n\ 


(26) 


”  I  (rt  -  i)!  '  i 


Plin  1  =  qJt  .V,  /^r)/' (/•)"  ' 

(,  (n  -  1)! 

‘  (/'*'(/•)  -/'*‘(0)] 


{n  -  2)! 


(27) 


Since  only  I’ourier  Iranst'orms  are  involved,  the  com¬ 
putations  are  relatively  last.  The  complete  transforma¬ 
tion  can  be  computed  in  less  than  1  s  on  a  t  ra'i  (The 
computations  could  also  be  carried  out  etTiciemly  on  a 
personal  computer  with  hard-wired  fast  Fourier  trans¬ 
form.)  Good  convergence  is  normally  achieved  even  for 
strongly  nonlinear  spectra  for  n  =s  4  to  6.  The  contribu¬ 
tions  from  the  higher  order  terms  arc  concentrated  main¬ 
ly  in  the  neighborhood  of  the  (normally  not  very  im¬ 
portant)  azimuthal  cutoff  regions. 

As  a  check,  the  integral  (Eq.  23)  was  also  evaluated 
directly.  The  wave-number  coordinates  were  transformed 
to  frequency-direction  coordinates,  and  the  integral  was 
computed  using  the  relatively  low  resolution  of  the  wave 
model  (.30°  directional  resolution  and  a  logarithmic  fre¬ 
quency  discretization  with  Aoj/oj  =  0.1).  The  computa¬ 
tion  time  was  comparable  with  the  fast  Fourier  transform 
expansion  method,  and  the  results  were  virtually  identical. 

An  important  feature  of  the  expansions  25  and  30  is 
the  occurrence  of  the  common  (nonlinear)  azimuthal  cut¬ 
off  factor 


C  =  cxp(-A-Jr')  .  (31) 


X  -/"'(0)ir(r)"--j  ,  (28) 

where  denotes  the  Fourier  transform  operator 

%  =  (2x)  ^  j  dr  exp(  -  ik  ■  r)  (29) 

and  n  runs  through  all  positive  integers  1,2,....  For 
nonpositive  integers,  the  factorial  function  is  defined  as 
0!  =  1  and  [(-  1)!J  '  =  0.  We  have  left  out  a  term 
Pqq  in  the  sum  representing  an  irrelevant  5-function 
contribution  at  A  =  0  arising  from  the  mean  image  in¬ 
tensity. 

Summation  over  the  velocity-bunching  index  m  for 
fixed  nonlinearity  order  n  yields  a  stratification  of  the 
expansion  with  respect  to  the  nonlinearity  only: 

PHk)  =  exp(-A;^'") 

X  (pUk)  +  Pi  (A)  -I-  .  .  .  P;:(A)  -t-  .  .  .  ).(30) 

The  linear  term,  P^ ,  is  found  to  be  identical  (as  it  must 
be)  to  the  linear  sar  spectrum  of  Equation  18. 

The  computation  of  P^(A)  according  to  Equations  25 
or  30  involves  three  steps: 

1 .  Computation  of  the  three  autovariance  and  covar¬ 
iance  functions /"(r), /**(/•),  and  f^'{r)  using  the  Fou¬ 
rier  transform  relations  20,  21,  and  22. 

2.  Computation  of  the  various  covariance  product 
expressions  in  Equations  26  through  28. 

3.  Computation  of  the  Fourier  transforms  of  the  co- 
variance  product  expressions,  yielding  the  series  25.  (If 
there  is  no  need  to  stratify  the  expansion  with  respect 
to  nonlinearity  order,  the  covariance  products  of  differ¬ 
ent  nonlinearity  order  n  for  given  velocity-bunching  or¬ 
der  m  can  be  collerted  together  and  Fourier  transformed 
in  a  single  operation.) 


Without  inclusion  of  this  azimuthal  cutoff  factor,  the 
.straightforward  linear  approximation  P)'(A)  must  al¬ 
ways  break  down  at  high  azimuthal  wave  numbers,  even 
for  low  sea  states,  since  real  wave  spectra,  and  therefore 
also  P^,  decay  as  a  power  of  the  wave  number  at  high 
wave  numbers,  rather  than  exponentially,  as  required  by 
Equation  30. 

In  contrast,  the  lowest  order  quasi-lincar  approxi¬ 
mation 

P"(A)  =  exp(-k;’r’)P^(A)  (32) 

of  Equation  30,  with  inclu.sion  of  the  nonlinear  azimuthal 
cutoff  factor,  remains  a  valid  approximation  for  the  en¬ 
tire  spectrum.  In  practice.  Equation  32  was  found  to 
yield  a  reasonable  quantitative  approximation  for  about 
hall  the  seasat  and  i.ewex  sar  spectra  studied  in  Ref. 
15  and  by  C.  Bruning  and  L.  F.  Zambresky  (personal 
communication),  and  was  successful  in  capturing  the 
qualitative  features  of  the  sar  spectrum  in  ail  cases. 

If  applied  as  a  first  approximation  in  the  inverse  map¬ 
ping  problem,  the  quasi-linear  form  can  be  immediately 
inverted  analytically  (for  given  ^ ').  The  solution  can  then 
be  used  to  construct  a  general  iterative  inversion  method 
for  estimating  wave  spectra  from  observed  sar  spec¬ 
tra.**  The  method  gave  good  convergence  in  both  linear 
and  strongly  nonlinear  cases. 

The  existence  of  a  common  azimuthal  cutoff  factor 
(Eq.  31)  acting  on  all  terms  of  the  spectral  expansion 
(Eq.  30)  has  a  aseful  practical  application.  Since  the  cut¬ 
off  scale  I '  can  be  readily  determined  for  any  sar  spec¬ 
trum,  regardless  of  the  details  of  the  nonlinear  imaging 
process,  it  provides  a  robust  estimate  of  a  useful  integral 
wave  parameter:  the  root  mean  square  orbital  velocity 
component  in  the  range  direction. 

It  is  of  interest  that  Beal  et  al.,’*'  Lyzenga,'  and 
Monaldo  and  Lyzenga'  ***  have  already  noted  empiri- 
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cally  that  the  observed  azimuthal  cutoff  scale  appeared 
to  be  proportional  to  the  total  root  mean  square  orbital 
velocity  integrated  over  the  entire  long-wave  spectrum 
(or  some  similar  integral  wave  parameter).  Previously, 
this  finding  had  been  difficult  to  interpret  theoretically. 
The  frequently  used  sar  two-scale  model,  in  which  an 
additional  scale  separation  is  introduced  at  the  sar  reso¬ 
lution  scale,  yields  an  explicit  azimuthal  smearing  given 
by  the  so-called  “velocity  spread”  term  (cf.  Refs.  1  and 
19).  This  is  determined  by  the  subresolution  scale  con¬ 
tribution  to  the  root  mean  square  orbital  velocity,  i.e., 
by  the  integral  over  only  the  high  wave-number  tail  of 
the  long- wave  orbital  velocity  spectrum.  Tucker’’  com¬ 
puted  the  effect  of  this  smearing  and  obtained  a  filter 
function  that  was  identical  to  our  form  C  (Eq.  3 1 ),  but 
with  I '  replaced  by  the  root  mean  square  azimuthal  dis¬ 
placement  (the  velocity  spread)  arising  from  only  the 
short  subresolution  scale  waves.  The  present  closed  trans¬ 
formation  theory  indicates  that  the  nonlinear  velocity 
bunching  from  the  longer  waves  must  also  contribute 
to  the  azimuthal  smearing,  and  that  the  net  effect  of  both 
short  and  long  waves  can  be  expressed  very  aimply  by 
the  azimuthal  cutoff  factor  C — in  accordance  with  Beal 
et  al.'*^  and  Lyzenga’s'  findings. 

APPLICATION  TO  LEWEX 

As  an  illustration,  we  apply  the  transform  relation  to 
two  LEW'EX  cases.  The  input  wave  spectra  for  the  trans¬ 
formation  computations  were  taken  from  the  observed 
directional  wave  buoy  (Wavescan)  data  and  from  a  wave 
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hindcast  using  the  w  am  third  generation  wa\e  model.'' 
Comparison  of  the  hindcast  wave  fields  with  wave-buoy 
observations  indicated  that  the  hindcast  was  acceptable 
as  a  first  guess,  although  some  systematic  deviations  were 
found  (cf.  Fig.  i).  The  cases  were  selected  from  larger 
data  sets  that  were  analyzed  as  part  of  a  more  extensive 
wave  hindcast  study  (C.  Briining  and  1..  F.  Zanibresky, 
personal  communication). 

The  principal  .sar  parameters  of  the  two  runs  arc  list¬ 
ed  in  Table  I.  The  polarization  was  horizontal-horizontal 
and  the  look  direction  to  the  right  for  both  runs.  The 
damping  factor  and  wind  input  modulation  term  in  the 
hydrodynamic  mti-  were  set  equal  to  zero.  The  images 
for  both  runs  were  taken  over  essentially  the  same  wave 
field,  but  the  two  sar  flight  directions  were  opposite, 
and  the  aircraft  altitude  and  thus  the  d  parameters  (p/U) 
differed  by  a  factor  of  nearly  two. 

Figures  1  and  2  compare  the  observed  and  computed 
SAR  spectra  for  the  two  runs.  The  two  rows  in  the 


Table  1.  Sar  parameters  for  two  lewex  runs  on  14  March  1987 
at  the  Tydeman  (50°N  latitude.  45“V\/  longitude):  the  flight  speed 
was  128  m/s  and  the  incidence  angle  was  52*. 
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(UT) 
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1 
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89 
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5990 
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2 

1259 
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6096 
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77.4 

Hindcast  waves 
Fma«  =  2.18 
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-0.15  0  0.15 

Wave  number  (rad/m) 


Figure  1.  Hindcast  (top  row)  and  observed  (Wavescan,  bottom  row)  wave  spectra  together  with  computed  sab  spectra  for  lewex 
run  1  over  the  Tydeman,  1219  UT  on  14  March.  The  observed  sar  spectrum  is  shown  in  the  top  right  panel,  The  bottom  right 
panel  shows  the  Monte  Carlo  simulated  sar  spectrum  for  the  Wavescan  wave  spectaim.  The  aircraft  flight  direction  is  in  the  x- 
direction.  Spectra  are  normalized  with  respect  to  the  maximal  spectral  density  (given  in  units  of  m'’). 
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Figure  2.  Same  as  Figure  1  but  for  lewex  run  2  over  the  Tydeman,  1259  UT  on  14  March.  The  aircraft  flight  direction  is  opposite 
that  of  run  1.  Coordinates  are  defined  as  before  in  the  aircraft  frame. 


figures  correspond  to  different  input  wave  spectra, 
shown  in  the  left  column.  The  Monte  Carlo  computa¬ 
tions  are  shown  only  for  the  Wavescan  spectra  (second 
row). 

Several  features  are  apparent: 

1 .  The  SAR  wave  image  spectra  show  little  resem¬ 
blance  to  the  (symmetrized)  input  wave  spectra.  This  is, 
of  course,  a  well-known  feature  of  sar  spectra.  But  per¬ 
haps  it  has  not  always  been  fully  appreciated  that  the 
distortion  can  be  pronounced  not  only  for  azimuthally 
traveling  waves,  for  which  the  nonlinearities  are  large, 
but  also  for  relatively  linear  range  traveling  waves,  as 
in  these  examples. 

2.  The  azimuthal  cutoff  is  well  defined  and  occurs 
at  a  lower  wave  number  for  the  higher  altitude  flight, 
as  expected. 

3.  The  SAR  spectra  show  evidence  of  some  azimuthal 
asymmetry  relative  to  the  sar  look  direction  that  is  not 
apparent  in  the  original  wave  spectra.  The  asymmetry 
depends  on  the  wave  propagation  direction  relative  to 
the  SAR  look  direction.  In  run  1  (Fig.  1),  waves  in  the 
top  right  quadrant  are  enhanced  relative  to  the  waves 
in  the  top  left  quadrant,  whereas  in  run  2  (Fig.  2),  waves 
in  the  bottom  right  quadrant  (corresponding  to  the  top 
left  quadrant  in  the  180°  rotated  spectrum  of  Fig.  1)  are 
enhanced  relative  to  the  bottom  left  quadrant.  The  fact 
that  the  asymmetry  depends  on  the  sar  look  direction — 
in  both  the  simulations  and  the  observations — is  a  clear 
indication  that  it  represents  an  artifact  of  the  imaging 
and  is  not  a  real  feature  of  the  wave  spectrum. 


4.  The  theoretical  sar  spectra  agree  reasonably  well 
with  the  measured  sar  spectra  in  all  cases.  This,  together 
with  the  features  listed  above,  underlines  the  need  for 
a  first-guess  input  wave  spectrum  and  the  application 
of  quantitative  nonlinear  mapping  computations  for  the 
meaningful  interpretation  of  measured  sar  spectra. 

5.  The  quasi-linear  approximation  (Eq,  32)  yields  a 
good  first-order  description,  perhaps  not  surprising  in 
these  examples  of  relatively  linear,  predominately 
range-traveling  waves. 

6.  The  closed  nonlinear  transformation  relation  and 
the  Monte  Carlo  computations  yield  essentially  identical 
results.  The  small  deviations  between  the  Monte  Carlo 
method  and  the  closed  integral  computations  near  the 
azimuthal  cutoff  line  can  probably  be  attributed  to  the 
analytical  Phillips  form  of  the  high-frequency  tail  of  the 
spectrum  used  in  the  Monte  Carlo  computations  as  op¬ 
posed  to  the  modeled  spectrum  in  the  closed  integral 
computations. 

The  distortions  of  the  sar  spectra  relative  to  the  wave 
spectra  can  be  explained  rather  simply  by  the  structure 
of  the  sar  mtf.  Equation  19.  The  azimuthal  asymmetry 
is  produced  by  interference  between  the  frozen  surface 
and  velocity-bunching  mtf’s.  The  frozen-surface  mtf  is 
symmetrical  about  the  look  direction,  whereas  the  velo¬ 
city-bunching  MTF  is  antisymmetrical  (cf.  Eqs.  5,  6,  16, 
and  17).  Thus,  while  the  .square  modulus  of  each  mtf, 
taken  by  itself,  is  symmetrical  about  the  look  direction, 
the  square  modulus  of  the  net  complex  sar  mtf,  consist¬ 
ing  of  the  sum  of  both  mtf  ’s  is,  in  general,  nonsymmet- 
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rical.  It  follows,  moreover,  that  a  change  in  sign  of  the 
look  direction  interchanges  the  enhanced  and  attenuated 
lobes  of  the  wave  spectrum,  as  seen  in  Figures  1  and  2. 

The  interference  between  the  frozen  surface  and  the 
velocity-bunching  modulation  can  be  identified  explicitly 
in  the  expansion  (Eq.  25).  The  relevant  spectral  distribu¬ 
tions  are  shown  in  Figure  3  for  run  1 ,  The  first  term, 
C  •  Pfo  («  =  I,  m  =  0)  (Fig.  3A),  represents  the  fro¬ 
zen  surface  contribution  (but  with  the  inclusion  of  the 
azimuthal  cutoff  factor  C).  It  is  positive  everywhere  and 
reproduces  the  approximately  symmetrica!  distribution 
of  the  wave  spectrum  about  the  sar  look  direction.  The 
second  term,  C  •  (/t^iSIPf,  (n  =  1,  m  =  1)  (Fig.  3B), 
represents  the  quadratic  interference  between  the  frozen 
surface  and  velocity-bunching  transfer  functions.  It  is 
asymmetrical,  alternating  in  sign  between  quadrants.  The 
third  term,  C  •  (A:^/3)-P?2  (n  =  1,  w  =  2)  (Fig.  3C), 
represents  the  pure  (quasi-linear)  velocity-bunching  term, 
without  the  rar  contribution.  It  is  positive  and  sym¬ 
metrical.  The  sum  of  the  first  three  terms  yields  the  quasi- 
linear  SAR  spectrum.  Equation  32  (Fig.  3D),  which  is 
shown  also  in  the  corresponding  panel  of  Fig.  1.  The 
asymme'ry  of  the  quasi-linear  spectrum  is  seen  to  arise 
from  the  interference  term.  Asymmetries  occur  in  general 
in  all  higher  order,  odd-m  terms  of  the  expansion  (e.g.. 
Figs.  3E  and  3F),  contributing  to  the  asymmetry  of  the 
final  nonlinear  sar  spectrum  (Fig.  3H).  Figure  3G  (m  = 
10)  is  an  example  of  a  higher  order  symmetrical  spectra! 
term.  It  exhibits  a  pronounced  concentration  along  the 
azimuthal  cutoff  line  that  is  characteristic  of  ail  higher 


order  terms  and  arises  from  the  product  of  the  factor 
(/r^/S)"'  with  the  exponential  azimuthal  cutoff  factor  C. 

CONCLUSIONS 

A  new,  closed,  nonlinear,  integral  transform  relation 
describing  the  mapping  of  a  two-dimensional  surface- 
wave  spectrum  into  a  sar  image  spectrum  has  been 
presented  and  discussed  for  two  i.EWfcx  examples.  The 
new  transform  relation  offers  a  number  of  advantages. 
It  is  rapid  and  accurate  enough  to  be  applied  routinely 
to  the  processing  of  quasi<ontinuous  operational  satellite 
SAR  data.  It  offers  a  simple  approach  to  the  inverse 
problem  of  inferring  the  optimal  wave  spectrum  from 
a  measured  sar  spectrum  for  a  given  first-guess  wave 
spectrum  (cf.  Ref.  8).  By  expanding  the  integral  trans¬ 
form  in  a  Fourier  transform  series,  it  provides  a  clearer 
insight  into  the  details  of  the  mapping  mechanisms.  The 
expansion  yields  separate  spectra!  contributions  for  the 
frozen-surface  (RAR)  modulation  term,  the  linear 
velocity-bunching  mechanism,  the  linear  interaction  be¬ 
tween  the  two,  and  the  higher  order  nonlinear  velocity- 
bunching  interactions  and  distortions.  The  azimuthal 
smearing  caused  by  nonlinear  velocity-bunching  effects 
can  be  expressed  very  simply  as  an  exponential  cutoff 
factor  that  applies  to  all  terms  of  the  expansion. 

The  LEWEX  examples  demonstrate  that  sar  ocean- 
wave  imaging  theory  is  in  good  agreement  with  measure¬ 
ments.  The  SAR  spectra  can  differ  strongly  from  the  in¬ 
put  wave  spectra  so  that  a  general  quantitative  interpreta¬ 
tion  of  SAR  image  spectra  in  all  cases  is  possible  only 
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Figure  3.  Contributions  of  various  spectral  expansion  terms  to  the  sar  spectral  image  for  lewex  run  1.  Note  the  asymmetry  about 
the  look  direction  induced  by  the  terms  with  odd  m  powers).  The  dominant  asymmetry  arises  from  the  linear  rar  velocity- 
bunching  interference  term  (rr?  =1,  n  =  1). 


A'.  Hasselmann  ei  al. 


with  the  aid  of  exact  nonlinear  transform  computations 
and  a  reasonable  first-guess  wave  spectrum  derived  from 
a  model.  The  quasi-linear  sar  image  spectrum  (the  linear 
SAR  spectrum  augmented  by  the  azimuthal  cutoff  factor) 
nevertheless  provides  a  good  quantitative  approximation 
in  many  cases  in  which  the  nonlinearities  are  not  too  se¬ 
vere  and  also  provides  a  useful  qualitative  description 
of  the  spectrum  even  for  strongly  nonlinear  cases. 
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REMOVAL  OF  180°  AMBIGUITY  IN  SAR 
IMAGES  OF  OCEAN  WAVES 


Conventional  methods  for  estimating  directional  wave  spectra  from  an  image  of  the  sea  lead  to  sym¬ 
metric  spectra,  where  the  true  wave  directions  are  ambiguous  by  180°.  By  using  a  time  sequence  of  im¬ 
ages,  however,  the  ambiguity  can  be  resolved.  Building  on  previous  results  from  shipboard  navigation 
radars,  the  methodology  is  extended  to  multilook,  airborne  synthetic  aperture  radar  imagery  obtained 
during  the  Labrador  Sea  Extreme  Waves  Experiment. 


INTRODUCTION 

A  conventional  Fourier  transformation  of  a  real  im¬ 
age  of  a  wave  pattern  produces  a  radially  symmetric 
spectrum,  with  the  direction  of  the  wave  propagation 
ambiguous  by  180°.  The  ambiguity  in  a  single  image  is 
generally  resolvable  only  by  imposing  external  assump¬ 
tions.  A  time  sequence  of  such  images,  however,  pro¬ 
vides  sufficient  data  to  remove  the  ambiguity  completely. 

Before  lewex,  multidimensional  methods  were  devel¬ 
oped  and  applied  to  the  analysis  of  a  lime  series  of  wave 
images  from  shipboard  navigation  radars  Atanassov  et 
al.,‘  using  two  images  sampled  at  a  time  interval  r, 
showed  that  the  ambiguity  could  be  removed  for  wave 
numbers  k  restricted  by  0  <  k  <  v'/gr',  where  g  is 
the  gravitational  acceleration.  Young  et  al.“  extended 
the  method,  using  a  three-dimensional  description  of  the 
ocean  wave  field,  where  the  third  dimension  is  derived 
from  a  time  series  of  images  of  the  evolving  wave  system. 

If  the  time  series  of  a  wave  pattern  comprises  a  se¬ 
quence  of  single  images,  each  covering  an  adequate  area 
of  the  water  surface,  and  if  the  images  are  separated  by 
a  constant  and  sufficiently  small  time  step,  then  the  multi¬ 
dimensional  analysis  can  be  applied.  The  sampling  re¬ 
quirements  can  be  specified  with  adequate  knowledge  of 
the  dynamics.  ’  These  techniques,  already  validated  for 
a  ship  navigation  radar  (see  the  article  by  Ziemer  in  this 
volume),  are  extended  here  to  time-sequential  (multilook) 
airborne  synthetic  aperature  radar  (sar)  imagery.  The 
method  was  successfully  applied  to  two  successive  sar  im¬ 
ages  by  Vachon  and  Raney'*  (see  also  the  article  by 
Raney  and  Vachon  in  this  volume).  Rosenthal  et  al.' 
demonstrated  the  application  of  the  image-time-series 
analysis  by  using  seven  single  looks  from  the  signal  do¬ 
main  of  airborne  sar  data. 

MULTIDIMENSIONAL  DESCRIPTION 
OF  A  WAVE  FIELD 

We  may  describe  a  time  series  of  an  image  vsave  pat¬ 
tern  by  its  measured  photographic  gray  level  (or  intensity) 
as  a  function  of  the  space-time  vector:  F  (.v,  y,  t).  The 
Fourier  presentation  of  this  three-dimensional  field  gfF) 
is  afso  defined  over  three  dimensions.  Two  dimensions 


are  defined  by  the  two-image  wave  number  components, 
and  the  third  is  definetl  by  the  frequency  distribution,  de¬ 
rived  from  the  time  sequence  11  {k, .  k, ,  u;).  the  corre¬ 
sponding  vector  in  Fourier  space.  Thus,  the  wave-image 
gray-level  field  may  be  written  as  a  discrete  Fourier  series: 

g(r)  =  ^  G(fi)exp(n  •  F)  ,  tl) 

II 

The  Fourier  coefficients  G(fl)  on  the  right  side  of  Equa¬ 
tion  1  are  calculated  by  a  three-dimensional  fast  Fourier 
transform 

C(ft)  =  (  g(F)exp[-/(Il  Dlf/F  ,  (2) 

where  Tis  the  observation  time,  and  L,  and  L,  are  the 
spatial  dimensions  of  the  image.  The  components  of  the 
wave  number-frequency  vector  0  are  defined  by 

A',  =  /AA,  (/■  =  0.  1.  2 . /) 

A,  =  yAA,  (y  -  0,  1,  2 . J) 

w'„  =  nAu,'(/7  =  0,  1,  2 . V)  ,  (3) 

where  AA,  =  2Tr/L,  ,  AA,  =  2ir//,, ,  and  Aui,,  -  2ir  7. 
The  sample  space  is  a  finite  grid  in  .v,  y,  and  f,  with  grid 
spacing  A.v,  Ay,  and  At,  respectively.  Here,  the  variables 
A,,  A,  ,  and  have  Nyquist  limits  given  by  the  spacing 
k^,,  ~  ir/d  and  u.'v,  =  tt/A/,  with 

A.r  =  L,// 

Ay  =  l.,/J 

At  T/.V  ,  (4) 

where  =  A.v  =  Ay  for  a  square,  regularly  sampled 
footprint. 

REMOVAL  OF  TWO-TIME-STEP 
AMBIGUITY 

Tlie  technique  described  in  Ref.  1  uses  two  images  stini- 
plcd  at  successive  time  steps  and  separated  by  r  - 
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.  The  pha.se  shifi  of  the  wave  field  trum  i  to  /■  at 
each  wave  number  is  given  by 

^ik\r  .  (5) 

where  <^'{k)  is  given  by  the  linear  surface  giaviiy  dispct- 
sion  reiaiioaship  for  finile  water  depth  h:  ^{k}  -v  tA) 
-  (^4'  tanh(A'Aj)  .  Equation  5  is  valid  for  if  the 

current  of  encounter  u  is  neglected.  If  the  [X'ppler  shiti 
resulting  from  the  current  of  encounter  hns  to  be  consid¬ 
ered,  the  frequency  in  the  equation  must  be  replaced  by 
u.^*)  =  -',,(A:)  -  (k  ■  u). 

By  splitting  each  f  duner  crxtfficient  in  k  space  associat¬ 
ed  with  time  steps  /.  ;ind  t  -  into  jxisitive  and  negative 
frequency  components  respectively,  a  pair  of  simulta¬ 
neous  equations  results  that  can  be  solved  to  yield  the 
two  sets  of  positive  and  negative  frequency  coefficients. 
The  power  spectrum  defined  by  the  set  of  positive  fre¬ 
quency  coefficients  is  the  true  asymmetric  image  power 
spectrum,  giving  the  direction  of  energy  propagation: 

FAk)  ■-  2  11  -  coslU-lA)  -  a(  -Ailrll 

X  (  GlA./j);"  C'AkAAi' 

-  2  RetGlA.  r,  )<;•(  -k,  f.)esp(/a<A)r)|j  . 

(6) 

where  C*  is  the  complex  conjugate  of  G.  The  ambigui¬ 
ty  can  be  removed  for  all  wave  numbers:  0  <  A  < 
tr’  sht'. 

REMOVAL  OF  TIME-SERIES  AMBIGUITY 

The  time-series  method  is  described  by  Young  ct  al.' 
Its  basis  is  a  three-dimensional  description  of  ocean 
waves  provided  by  a  time  series  of  wave  pattern  images, 
given  in  Equation  1.  From  Equation  2,  the  normalized 
image  power  spectrum  is  defined  by  /•  ‘''(B)  ---  .GtO);  ‘. 
The  superscript  (3)  gives  the  dimension  of  the  implied 
Fourier  space.  The  conventional  (instantaneous)  two- 
dimensional  symmetric  spectrum  results  from  integra¬ 
tion  over  both  positive  and  negative  frequencies: 

F'-'{k)  ^  ^  F"’m)d^  ^  \  /■  I'  lO)  r/a  (7) 

In  Equation  7,  the  frequency  information  allows  sepa¬ 
ration  of  wave  energy  at  positive  frequencies  from  that 
at  negative  frequencies.  To  obtain  only  the  energy  as¬ 
sociated  with  the  unique  direction  of  propagation,  we 
omit  the  negative  frequency  contribution  and  rewrite  the 
equation  as 

F  'Aki  =  \  /-  '■'(»)  r/ce  .  (8) 

This  method  provides  unambiguous  results  from  uj  - 
vedia’  up  to  the  Nyquist  limit. 

For  navigation  radars,  T can  be  much  longer  than  one 
minute.  Typical  values  of  parameters  for  both  naviga- 


iRuial  ladar  and  .urboriic-  ssk  arc  given  in  1  able  1  I  or 
tile  navigational  radat,  results  arc  unambiguous  start 
ing  at  seiy  low  trequcncics  df  2  1  he  shorret 

s,.'cnc  obseivaiion  tune  kvt  typical  aiivtatt  nas  data,  do 
cussed  ill  the  tollowmg  section,  gives  siscciral  atnbiguity 
up  to  /.  j,,  0  084  Hz  Ihus,  tor  the  sxn  parameters 

given  in  lable  1.  the  ambiguity  tor  vvaveletigths  longci 
than  220  m  cannot  be  resolved 

RESULTS 

.•\s  pan  of  tiwfx,  spectral  estirnatts  Irorn  remote 
wave  imaging  instruments  were  compared  with  those  o! 
in  siiu  binrys  and  numenca)  wave  models  Such  coin|Var- 
isoiis  provided  a  firm  basis  tor  evduating  the  cltcctive 
news  ol  the  ambiguity  removal  technique.  I  wo  example' 
will  be  given.  Ihe  first  set  o!  spectral  estimates,  shown 
in  I  igurc  I.  IS  an  airborne  svk  measurement  taketi  ol! 
the  cixist  ol  .New  toundland  on  21  March  1%’'  over  a  thin 
ice  p.ick  that  was  deformed  by  an  underlying  wave 
ttain.'*  The  detormed  ice  yielded  a  simple,  well  defined 
swell  system,  which  was  clearly  detc-cted  by  the  sxk. 

The  determination  of  the  unambiguous  poniori  ol  the 
spevtrum  IS  shown  progressively  m  Figures  1 A  through 
K'.  I'igufe  !  A  shows  a  result  identical  to  a  coiivcniion 
al  spcciral  analysis,  with  ISO'  ambiguity,  and  was  ob¬ 
tained  by  integration  over  both  positive  and  negative 
frequencies.  Figure  IB.  which  includes  a  frequency  in 
terval  centered  about  zero,  but  extending  into  negative 
and  pvisitivc  frequencies,  still  shows  a  dtrcvlional  am¬ 
biguity.  Ihe  zero- frequency  interval  contains  not  only 
the  energy  from  stationary  scaiicrcrs,  but  also  the  ener¬ 
gy  from  scatlercrs  with  low  frequcncncs.  Figure  IC  shows 
the  direvtionai  spectrum  obtained  by  omitting  the  ci  cr- 


1.  Example  ot  system  parameters  ic  proouce  unambiQ 
uous  spectra  for  lime  series  of  S*^  images  obtained  during 
cEWEx 


Ship 

radar 

parameters 

AtTcraff 

parameter** 

Time  domain 

A 

32 

7 

2 

»  1 

T 

=  62 

Frequency 

n 

16 

3 

domain 

.A, 

=  0  5 

\ 

A/ 

=  0.016 

=  0.17 

Unambiguous 

A,r 

=  O.flOH 

=  0.08 

lower  frequency 
limit 


Sole:  In  ih.-  time  (.lomaiii,  ,X  n  ihc  tnimhcr  of  time  Mcpc  ar  is  Ihc 
length  of  a  lime  sicp  in  seconds,  and  T  is  the  total  observation  lime 
In  ihc  frequency  domain,  n  is  ihe  number  ol  positive  frequency  planes, 
fs.  IS  the  Nsqinsi  freqiicncv  in  hen/,  and  af  is  the  frequency  spac 
mg  f., ts  the  loiver  freqiicncv  limil  for  iinambiguoiis  results 
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Figure  1.  Spectra  from  the  airtxjme  synthetic  aperture  radar 
(SAR)on  21  March  at  1647  UT,  showing  the  influence  of  integra¬ 
tion  limits  on  the  Sar  image  spectrum.  A,  Conventional,  am¬ 
biguous  spectnjm  resulting  from  summing  overall  frequencies 
B.  Intermediate  spectrum,  calculated  from  a  sum  over  all  posi¬ 
tive  frequencies,  including  the  zero  frequency  C.  Final,  unam¬ 
biguous  spectrum,  calculated  from  a  sum  over  only  positive 
frequencies,  omitting  the  zero-frequency  plane.  Outer  circles 
are  at  2ir/l00  radfm.  Scales  are  linear  in  radians/meter. 


gy  in  the  zero-frequency  plane.  This  spectrum  contains 
a  low-frequency  cutoff  at /  =  ViAf  (see  Table  1),  with 
the  directional  ambiguity  resolved  for  higher  frequen- 
uies.  The  cutoff  frequency  /  =  0.084  Hz  corresponds 
to  a  wave  number  k  =  0.029  rad/m  or  a  wavelength 
X  =  220  m. 

The  second  set  of  spectral  estimates  was  obtained  in 
more  complex  wave  field  conditions.  The  airborne  s.ar 
measurements  were  made  over  a  30-min  period  on  17 
March  1987  near  FNLMS  Tydeman.  Estimates  from 
both  the  Wavescan  buoy  and  various  wave  models  sug¬ 
gested  two  opposing  wave  systems  of  sirrilar  wavelength. 
Figure  2  compares  the  unambiguous  spectra  obtained 
from  the  shipborne  radar  (Fig.  2A)  with  two  versions 
from  the  aircraft  sar  (Figs.  2B  and  2C)  and  the  Wave- 
scan  buoy  (Fig.  2D). 

Figure  2B  includes  the  zero- frequency  interval,  and 
is  therefore  ambiguous.  Figure  2C  is  free  of  the  180° 
ambiguity,  since  the  zero  frequency  is  omitted  from  the 
integration.  The  opposing  components  of  the  spectrum 
here  show  the  complex  structure  of  the  opposing  wave 
systems,  as  verified  by  the  Wavescan  buoy  (Fig.  2D). 
Thus,  the  .'ar  spectral  estimate,  when  obtained  by  a  se¬ 
quence  of  images,  shows  a  substantial  rejection  of  the 
ambiguous  components. 

CONCLUSIONS 

The  results  of  this  study  demonstrate  that  asymmetric 
(true)  wave  image  spertra  may  be  obtained  from  airborne 
SAR  measurements.  The  examples  presented  suggest  that, 
because  of  a  relatively  short  sar  observation  time,  the 


Figure  2.  Spectra  from  three  different  sources  near  the  fyde- 
man  on  17  March  at  about  1200  UT.  A.  An  asymmetric  ship  ra¬ 
dar  image  spectrum  from  the  Tydeman  at  1316  UT.  calculated 
from  the  sum  over  sixteen  planes  with  positive  frequencies.  B, 
Airborne  synthetic  aperture  radar  image  spectrum  at  1308  UT, 
calculated  from  the  sum  over  all  positive  frequencies,  includ¬ 
ing  the  zero  frequency.  C.  Same  as  B,  but  summed  only  over 
positive  freqii-  ■'cies,  excluding  the  zero  frequency,  0.  Waves¬ 
can  buoy  spt .  turn  at  1200  UT,  calculated  by  using  the  maxi¬ 
mum  entropy  method.  Outer  circles  are  at  2i/l00  radfm.  Scales 
are  linear  in  radians/meter 


low-frequency  portion  of  the  spectra  retains  ambiguous 
components.  Thus,  for  low  wave  numbers  or  long 
wavelengths,  the  two-time-step  method  may  be  prefera¬ 
ble  to  the  one  used  here.  Nevertheless,  the  three- 
dimensional  analysis  can  yield  u,seful,  unambiguous  direc¬ 
tional  spectra  from  airborne  sar  observations  of  the  sea. 
The  benefits  will  be  even  more  enhanced  with  long  peri¬ 
ods  of  observation. 
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GEOSAT  WIND  AND  WAVE  MEASUREMENTS 
DURING  LEWEX 


During  the  Labrador  Sea  Extreme  Waves  Experiment  (Llwkx),  the  Geosat  altimeter  provided  mea¬ 
surements  of  wind  speed  and  significant  wave  height  over  a  broad  region.  Although  the  Geosat  wind 
estimates  are  not  significantly  biased  from  the  lewe.x  common  winds  (±1  m/s,  averaged  over  the  en¬ 
tire  experiment),  Geosat  often  reveals  a  spatial  structure  in  the  wind  field  that  is  absent  in  the  modeled  winds. 


INTRODUCTION 

In  the  realms  of  remote  sensing  of  the  oceans  and 
ocean  modeling,  we  constantly  search  for  absolute 
“ground  truth”  to  measure  the  accuracy  of  a  given  in¬ 
strument  or  model  prediction.  Unfortunately,  no  perfect 
yardstick  exists  by  which  any  geophysical  estimate  can 
be  assessed  exactly.  Efforts  continue,  however,  because 
comparisons  between  various  data  sets  can  give  insight 
into  the  inadequacies  of  each  data  set.  Often,  several 
different  sources  of  data  are  needed  to  describe  or  pre¬ 
dict  adequately  the  edicts  of  nature. 

In  this  context,  the  Labrador  Sea  Extreme  Waves  Ex¬ 
periment  (LEWEX)  was  designed  to  include  as  many  tech¬ 
niques  as  possible  to  measure  both  the  directional  and 
nondirectional  properties  of  the  wind  and  wave  fields. 
The  only  spacebome  instrument  yielding  wind  and  wave 
estimates  during  lewex  was  the  Geosat  altimeter,  built 
by  The  Johns  Hopkins  University  Applied  Physics  Lab¬ 
oratory,  which  provided  global  estimates  of  wind  speed 
and  wave  height  from  early  1985  to  early  1990.  This  ar¬ 
ticle  discusses  the  Geosat  wind  speed  and  wave  height 
measurements  collected  during  lewex,  and  compares 
those  wind  speed  measurements  with  the  lewex  com¬ 
mon  winds  along  the  Geosat  subtrack  (see  Cardone,  this 
volume). 

THE  GEOSAT  ALTIMETER 

The  Geosat  altimeter  operated  in  an  8(X)-km  orbit 
from  March  1985  to  January  1990,  measuring  (among 
other  things)  significant  wave  height  (Swh)  and  wind 
speed  on  the  ocean  surface.  The  altimeter  laid  down  a 
ground  track  pattern  that  repeated  every  seventeen  days, 
with  about  145-km  spacing  betA^een  ascending  crossings 
at  the  equator.  Between  one  and  three  ascending  or  de¬ 
scending  ground  tracks  were  laid  down  in  the  lewex  re¬ 
gion  each  day. 

Wind  speed  is  derived  from  the  altimeter  measure¬ 
ments  of  backscattered  radar  cross  section  (RCS)  by  ap¬ 
plying  an  empirically  determined  algorithm.  The  wind 
speed  affects  the  sea  surface  roughness,  which  in  turn 
modulates  the  rcs.  In  this  work,  a  modified  Brown  al¬ 
gorithm'  was  derived  by  applying  a  cubic  spline  fit  at 
0.2-dB  intervals.^  Geosat  wind  speed  measurements  are 


estimated  to  have  a  1-a  accuracy  of  1.7  m/s  for  wind 
speeds  up  to  20  m/s  (Ref.  3);  above  20  m/s,  the  al¬ 
gorithm  has  not  been  adequately  verified. 

The  SWH  is  determined  from  the  slope  of  the 
altimeter-returned  pulse.  A  smooth  sea  produces  infinite 
slope;  as  the  surface  roughens,  the  slope  decreases. ■* 
Geosat  wave  height  measurements  are  estimated  to  have 
a  3-0  accuracy  of  0.5  m.  Both  wind  speed  and  wave 
height  are  measured  every  0.1  s  (0.67  km)  along  the 
ground  track. 

GEOSAT  DATA  DURING 
THE  EXPERIMENT 

Originally,  the  Geosat  contributions  to  i.ewex  had 
two  important  aspects:  to  provide  “near-real-time”  wind 
and  wave  estimates  to  serve  as  a  planning  guide  for  the 
experimenters  aboard  the  CFAV  Quest  and  HNLMS 
Tydeman,  and  to  demonstrate  how  quickly  Geosat  data 
could  be  provided  to  scientists  in  the  field.  Before 
lewex,  no  attempt  had  been  made  to  provide  near-real¬ 
time  data  to  an  ongoing  field  experiment.  In  practice, 
Geosat  data  were  provided  to  the  i  ewex  site  between 
twelve  and  twenty-four  hours  after  the  measurement. 
Since  Geosat  data  are  received  and  digitized  on  sensor 
data  records  (SDR)  at  api.,  the  raw  data  could  be  ob¬ 
tained  immediately  after  being  released  from  the  receiv¬ 
ing  station.  After  processing,  the  data  were  telefaxed  to 
the  experiment  site.  This  near-real-time  transmission  of 
Geosat  data  took  place  for  five  days  during  lewex. 

Processing  of  the  sdr  at  apl  included  editing  accord¬ 
ing  to  on-board  “data-quality  flags,”  computing  1-s 
averages  of  wind  and  waves,  and  computing  latitude  and 
longitude  from  Kepterian  elements.  The  near-real-time 
ground  tracks  computed  from  sdr  Keplerian  elements 
are  accurate  to  a  few  kilometers.  The  results  presented 
here,  however,  use  an  improved  Naval  Aeronautics 
Group  ephemeris  to  achieve  an  accuracy  of  a  few  meters. 
Typical  examples  of  the  data  products  transmitted  in 
near-real-time  during  lewex  are  shown  in  Figure  1. 
Note  the  strong  inverse  correlation  between  radar  cross 
section  and  wind  speed,  and  the  strong  direct  correlation 
between  wind  speed  and  swh.  These  data  were  mea- 
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Figure  1.  Example  of  Geosat  measurements  along  a  particu¬ 
lar  track  on  18  March  1987.  A.  Radar  cross  section  (dB).  B.  Wind 
speed  (m/s).  C.  Significant  wave  height  (m). 


sured  on  18  March  1987  along  a  track  that  passed  to 
the  east  of  both  the  Quest  and  the  Tydeman. 

Unfortunately,  only  two  Geosat  ground  tracks  were 
sufficiently  close  to  the  ships  during  lewex  to  be  use¬ 
ful  in  the  planning  activities.  Geosat  proved  most  useful 
in  accurately  revealing  the  complex  spatial  structure  of 
the  wind  and  wave  field.  Figures  2  and  3  show  composite 
mean  wind  speed  estimates  from  1 1  to  20  March,  and 
Figures  4  and  5  present  the  corresponding  composite 
swH.  Each  value  represents  an  average  over  15  s  along 
the  track.  Geosat  passed  over  regions  of  high  winds  and 
waves  around  40‘’N,  50'W  and  45° W.  A  smaller 
area  of  winds  at  16  to  20  m/s  also  can  be  seen  near  38°N, 
38  °W.  The  space-time  sampling  of  Geosat  was  too 
coarse  to  track  individual  storms. 

The  highest  wind  measured  by  Geosat  was  25  m/s, 
but  most  winds  were  below  16  m/s  for  all  eleven  days. 
The  highest  swh  measured  was  10  m  (see  Fig.  1).  No 
pass  came  close  enough  to  the  experiment  site  to  allow 
extensive  direct  comparisons  with  the  other  instruments 
used  during  lewex. 

COMPARISON:  GEOSAT  WIND  SPEEDS 
AND  LEWEX  COMMON  WIND  FIELDS 

The  LEWEX  common  wind  fields  (referred  to  hereafter 
as  the  model  winds)  were  produced  by  Cardone  (this  vol¬ 
ume).  The  wind  field  was  provided  at  six-hour  intervals 
over  the  region  from  20°N  to  67.5°N  and  20°W  to 
80°  W.  For  comparison,  Geosat  data  were  averaged  over 
15  s  or  100  km  along  track,  about  the  same  scale  as 
Cardone’s  coarse  model  grid. 


0-4  nVs 
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12-1 6  m/s 


Figure  2.  Composite  map  of  descending  ground  tracks  show¬ 
ing  wind  speed  (m/s)  tor  11-20  March  1987.  (Tydeman  position 
is  shown  by  T  on  this  and  following  figures.) 
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West  longitude  (deg) 

Figure  3.  Composite  map  of  ascending  ground  tracks  show¬ 
ing  wind  speed  (m/s)  for  11-20  March  1987. 


Geosat  winds  at  the  center  of  the  15-s  average  were 
compared  with  the  lewex  winds  at  the  nearest  grid 
point,  resulting  in  a  maximum  spatial  separation  of 
140  kin.  All  comparisons  were  simultaneous  within  three 
hours.  Over  the  ten-day  period  from  10  to  20  March, 
twenty-sbc  Geosat  tracks  permitted  702  comparisons  of 
Geosat  wind  speed  with  model  wind  speed. 

Comparisons  from  nine  of  the  twenty-six  tracks  ana¬ 
lyzed  are  shown  in  Figures  6  through  8.  Geosat  track 
positions  for  the  midpoint  of  a  fifteen-point  average, 
along  with  the  grid  points  chosen  from  the  model,  are 
shown  in  the  upper  half  of  each  figure.  The  means  of 
some  Geosat  and  model  winds  differ  substantially,  but 
others  are  in  good  agreement.  For  example,  in  Figure 
6C  (bottom),  both  estimates  agree  within  about  ±  1  m/: 
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Figure  4.  Composite  map  of  descending  ground  tracks  show¬ 
ing  significant  wave  height  (m)  for  11-20  March  1987. 
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Figure  5.  Composite  map  of  ascending  ground  tracks  show¬ 
ing  significant  wave  height  (m)  for  11-20  March  1987. 


A  12  March  1987  B  13  March  1987  C  14  March  1987 
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Figure  6.  Plots  of  Geosat  ascending  tracks  and  model  points  closest  to  track  points.  A.  12  March  at  1100  UT.  B.  13  March  at 
0920  UT.  C.  14  March  at  1029  UT.  Bottom;  Corresponding  plots  of  Geosat  wind  speed  (blue),  model  wind  speed  (red),  and  signifi¬ 
cant  wave  height  (green). 


between  40°  N  and  50°  N  but  differ  by  3  to  5  m/s  be¬ 
tween  35  °N  and  40°N. 

The  time  and  spatial  differences  between  compared 
estimates  from  Geosat  and  the  model  winds  contribute 
to  the  differences  between  the  two  data  sets.  Thus,  even 
if  both  data  sets  were  identical,  some  differences  would 
result  simply  from  the  lack  of  interpolation.  Computa¬ 
tions  of  the  wind  speed  autocorrelation  functions  along 


the  Geosat  tracks  indicate  that  a  50%  decorrelation  oc¬ 
curs  anywhere  between  150  and  700  km.  Monaldo^ 
found  that  hourly  measurements  of  wind  speed  from  two 
National  Data  Buoy  Center  buoys  were  essentially  uncor¬ 
related  after  six  hours  and  that  at  least  a  1 .3-m/s  change 
could  be  expected  between  wind  speed  measurements 
made  two  hours  apart.  Even  so,  the  time  and  spatial  dif¬ 
ferences  between  these  lewbx  comparisons  (three  hours 
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North  latitude  (deg) 

Figure  7.  Same  as  Figure  6,  except  for  A.  15  March  at  0958  UT,  B.  17  March  at  1106  UT.  C.  18  March  at  1036  LIT. 


A  17  March  1987  B  18  March  1987  C  18  March  1987 


North  latitude  (deg) 

Figure  8.  Same  as  Figure  6,  except  descending  tracks  for:  A.  17  March  at  0052  UT,  B.  18  March  at  0020  UT.  C.  18  March  at  0220  UT. 


and  1(X)  km)  cannot  account  for  all  of  the  differences 
observed. 

In  Figure  6  (bottom  graphs),  the  trends  of  the  mea¬ 
surements  are,  in  general,  the  same,  but  the  differences 
in  magnitude  are  quite  large  at  certain  locations.  For  ex¬ 
ample,  in  Figure  6B  (bottom)  between  50°N  and  55°N, 


both  estimates  are  increasing  with  latitude,  but  Geosat 
shows  a  much  steeper  gradient  than  the  model.  This  ex¬ 
ample  of  higher- frequency  spatial  structure  is  typical  of 
the  Geosat  wind  estimates  and  may  be  an  indication  of 
small-scale  features  not  captured  in  the  model.  The  Geo- 
sat  SWH  estimates  usually  correlate  well  with  the  Geosat 
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wind  speed  estimates.  In  Figure  7  (bottom),  the  Geosat  only  model  wind  speeds  greater  than  10  m/s.  The  results 

winds  are  substantially  higher  (often  greater  than  2  or  are  shown  in  Table  2.  Model  winds  greater  than  10  m/s 

3  m/s)  than  those  of  the  model.  No  attempt  was  made  were  biased  high  by  1.5  m/s,  whereas  the  rms  difference 

to  smooth  the  model  or  Geosat  data  along  the  track,  for  all  215  points  dropped  to  2.5  m/s.  Again,  the  rms 

thereby  accounting  for  the  jagged  nature  of  the  data.  error  in  Geosat  wind  estimates  is  1 .7  m/s,  so  rms  differ- 

Figure  8  shows  three  more  comparisons.  In  Figure  8A  ences  of  3.4  and  2.5  m/s  may  not  be  significant, 

(bottom),  both  estimates  track  well  (usually  within  1  The  exact  error  structure  in  the  lewex  common  winds 
m/s),  but  in  Figures  8B  and  8C  (bottom),  the  differences  cannot  be  determined  with  a  single  set  of  Geosat  esti- 

approach  5  m/s  over  substantial  regions  along  the  pass.  mates.  Comparisons  with  ship  measurements  (see  Zam- 

Figure  8C  (bottom)  indicates  that  the  model  winds  are  bresky,  this  volume)  showed  that  on  some  days  during 

biased  high  on  this  day  in  the  northern  portion  of  a  lewex,  the  model/ship  rms  differences  in  specific 

storm  to  the  southwest  of  lewex  (45°N  to  50°N).  regions  ranged  from  5  to  10  m/s,  and  the  mean  differ- 
For  a  statistical  measure  of  the  average  disagreement  ences  ranged  from  0  to  +2.7  m/s.  We  recognize,  of 

between  Geosat  and  the  model  wind  speed  estimates,  course,  that  measurements  obtained  from  ships  of  op- 

Table  1  shows  mean  and  rms  differences  for  692  com-  pKsrtunity  can  have  large  errors  (see  the  article  by  Pier- 

parisons  along  twenty-seven  Geosat  tracks.  Mean  differ-  son,  this  volume),  but  if  even  a  portion  of  this  error  is 

ences  along  a  single  pass  range  from  -  5. 1  to  +  3.2  m/s.  due  to  the  model  winds,  then  the  differences  between 

The  range  for  rms  differences  is  from  1.0  to  6.6  m/s.  Geosat  and  the  model  are  probably  not  significant  when 

The  number  of  points  in  each  computation  is  given  in  averaged  over  the  entire  experiment.  Nevertheless,  a  sig- 

the  last  column.  For  all  days,  the  mean  difference  was  nificant  amount  of  spatial  structure  in  the  wind  field 

-  0.6  m/s,  and  the  rms  difference  was  3.4  m/s,  using  692  clearly  exists,  although  it  is  entirely  missed  in  the  model, 

data  points.  To  determine  whether  greater  bias  at  higher 
wind  speed  exists,  we  repeated  the  computations  using  CONCLUSION 

We  have  presented  the  wind  and  wave  fields  as 
estimated  by  Geosat  during  lewex.  Geosat  wind  speeds 

Table  1.  Statistical  comparison  of  model  wind  speed  esti¬ 
mates  minus  Geosat  wind  speed  estimates. 


Mean 

Rms 

Date 

difference 

difference 

Number  of 

Table  2.  Statistical  comparison  of  mode)  wind  speed  esti* 
mates  minus  Geosat  wind  speed  estimates  for  model  winds 

(March  1987) 

(m/s) 

(m/s) 

points 

greater  than  10  m/s. 

12 

-1.39 

4.38 

32 

Mean 

Rms 

12 

1.22 

4.05 

20 

Date 

difference 

difference 

Number  of 

12 

-2.11 

1.73 

30 

(March  1987) 

(m/s) 

(m/s) 

points 

12 

-0.09 

4.86 

23 

13 

-2.45 

3.09 

27 

12 

3.2 

3.53 

12 

13 

3.06 

6.58 

23 

12 

2.1 

3.11 

18 

13 

-1.53 

1.19 

3 

12 

3.1 

4.2 

13 

13 

-1.55 

2.80 

37 

13 

-2.0 

3.3 

11 

13 

2.06 

0.99 

4 

13 

6.3 

5.7 

15 

14 

-2.43 

3.06 

14 

13 

-0.7 

0.03 

2 

14 

-0.67 

2.88 

39 

13 

0.8 

2.3 

14 

14 

-5.11 

3.43 
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were  compared  with  slices  through  the  lewex  common 
wind  fields.  For  the  entire  experiment,  the  rms  differ¬ 
ence  was  3.4  m/s,  and  the  mean  difference  (model  minus 
Geosat)  was  -  0.6  m/s.  Geosat  tracked  closest  to  the 
research  vessels  Quest  and  Tydeman  on  16  March,  pass¬ 
ing  just  to  the  r.f  the  Quest.  At  closest  approach, 
the  Geosat  swh  was  4.7  m,  compared  with  4.6  m  mea¬ 
sured  by  the  Endeco  buoy  at  the  Quest  and  2.9  m  mea¬ 
sured  by  the  Wavescan  buoy  at  the  Tydeman.  The  sparse 
sampling  of  Geosat  ground  tracks  on  any  given  day  is 
inadequate  to  initialize  wind  models.  The  Geosat  esti¬ 
mates,  however,  reveal  a  spatial  wind  structure  that  is 
not  well  modeled. 
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NUMERICAL  MODEL  ESTIMATES 

IN  WHICH  DIRECTIONAL  OCEAN  WA  VE  SPECTRA 
FROM  FIRST-,  SECOND-,  AND  THIRD-GENERATION 
NUMERICAL  MODELS  ARE  DESCRIBED  AND 
COMPARED  BY  USING  VARIOUS  VERSIONS  OF  THE 

SAME  WIND  FIELD 


VINCENT  J.  CARDONE 


THE  LEWEX  WIND  FIELDS  AND  BASELINE  HINDCAST 


The  wave  modeling  component  of  the  Labrador  Sea  Extreme  Waves  Experiment  (LEWEX)  involved 
wave  hindcasts  made  with  nine  different  spectral  wave  models,  all  driven  by  a  common  wind  field .  The 
LEWEX  common  wind  field  is  described,  including  a  summary  of  the  data  and  methodology  applied, 
a  description  of  the  principal  wind  systems  responsible  for  the  major  wave  systems  observed  in  the  LEW- 
EX  measurement  array,  and  an  assessment  of  the  accuracy  with  which  each  wind  system  was  specified. 


INTRODUCTION 

It  is  well  established'"  that  for  a  given  spectral  ocean 
wave  model,  errors  in  model-generated  integrated  prop¬ 
erties  of  the  wave  spectrum  are  highly  correlated  with 
errors  in  the  forcing  wind  fields.  For  example,  the  growth 
of  the  forecast  wave-height  scatter  index  wii’i  forecast 
horizon  tends  to  increase  in  proportion  to  the  increase 
of  wind-speed  scatter  index  with  forecast  horizon.  A  ba¬ 
sic  difficulty  faced  by  wave  modelers,  however,  is  that 
even  with  carefully  reanalyzed  winds,  the  baseline  errors 
in  the  winds  induce  errors  in  wave  hindcasts  that  are  large 
enough  to  mask  errors  associated  with  model  physics  or 
numerics. 

Surface  marine  wind  fields  are  developed  basically 
from  conventional  surface  synoptic  data,  mainly  tran¬ 
sient  ship  reports.  From  these  data,  gridded  surface  pres¬ 
sure  and  air  and  sea  temperature  fields  are  derived  by 
objective  or  subjective  analysis;  they  are  then  used  in 
statistical  or  dynamical  models  to  derive  surface  winds. 
Some  schemes  also  assimilate  the  ship  reports  of  surface 
wind.  Unfortunately,  alternate  methods  used  at  different 
forecast  centers  typically  provide  significantly  different 
surface  wind  fields  from  the  same  input  set  of  observa¬ 
tions  (see  Ref.  3  and  Zambresky,  this  volume).  Obvious¬ 
ly,  the  comparison  of  hindcasts  from  nine  different  wave 
models  in  the  Labrador  Sea  Extreme  Waves  Exfjeriment 
(LEWEX)  is  greatly  simplified  by  the  use  of  a  common 
wind  field. 

Wind  fields  derived  from  marine  surface  data  are  sus¬ 
ceptible  to  both  random  and  systematic  errors.  Random 
effects  arise  in  the  failure  of  the  observations  themselves 
to  represent  the  time  and  space  scales  intended,  because 
of  short-term  fluctuations  (see  Ezraty,  this  volume),  large 
observation  errors  (see  Pierson,  this  volume),  and,  in 
most  schemes,  failure  to  differentiate  measured  and  es¬ 
timated  winds.  ^ 

Systematic  errors  are  exhibited  in  wind  speed  and/or 
directional  biases  over  the  whole  of  the  field  or  at  least 
over  spatial  scales  large  with  respect  to  the  spacing  of 
the  grid  on  which  the  fields  are  specified.  These  effects 
have  four  major  causes:  First,  ship  reports  are  concen¬ 
trated  along  major  shipping  lanes,  often  leaving  vast 
areas  devoid  of  observations,  over  which  large  and  per¬ 
sistent  biases  are  common.  Second,  the  analytical  method 


introduces  effects,  such  as  differences  in  the  boundary- 
layer  model  used.  For  example,  in  some  models,  the  sur¬ 
face  wind  is  actually  derived  as  the  wind  vertically  in¬ 
tegrated  over  some  arbitrary  boundary  layer  depth,  or 
as  the  wind  at  an  ill-defined  anemometer  level.  Some¬ 
times,  when  surface  winds  are  specified  as  part  of  a  three- 
dimensional  objective  analysis  scheme  used  to  initialize 
numerical  weather  prediction  (NW  P)  models,  biases  are 
introduced  “from  above”  (e.g.,  Unden"*  described  the 
undesirable  effect  of  a  nondivergence  constraint  on  the 
tropical  wind  analyses  of  the  European  Center  for  Medi¬ 
um-Range  Weather  Forecasts  [ECMwf]).  Finally,  the  ef¬ 
fect  of  atmospheric  stability  is  often  not  considered,  ei¬ 
ther  in  the  analytical  scheme  or  in  the  interpretation  of 
the  individual  observations.  Since,  in  mid-latitudes,  the 
stratification  (air-sea  temperature  difference)  is  organized 
spatially  by  the  juxtaposition  of  synoptic-scale  air  masses 
over  large-scale  water  masses,  failure  to  account  for 
stratification  introduces  spatially  correlated  errors. 

One  relatively  simple  approach  to  the  incorporation 
of  stability  was  introduced  by  Cardone,"  who  defined 
the  “effective  20-m  wind”  and  showed  how  to  derive 
it  with  a  marine  planetary  boundary'  layer  (MPBD  model 
driven  by  pressure  and  air  and  sea  temperature  fields, 
and  from  measured  (anemometer)  or  estimated  (Beau¬ 
fort)  ship  winds.  Recently,  Cardone  et  al.*  quantified 
the  errors  in  mean  monthly  surface  winds  derived  from 
ship  reports,  introduced  by  failure  to  account  for  stability 
and  observation  type. 

Even  if  it  were  possible  to  specify  perfectly  the  average 
effective  20-m  wind  speed  and  direction  every  six  hours 
on  the  LEWEX  grid,  the  wind  fields  might  still  be  less 
than  perfect  for  wave  modeling  because  of  several  still 
unresolved  questions.  These  include  the  issue  of  whether 
friction  velocity  or  wind  speed  is  the  more  appropriate 
wind  variable,  and  whether  gustiness  or  mesoscale  varia 
bility  needs  to  be  resolved  explicitly  in  specification  of 
the  atmospheric  input  source  term.  Ultimately,  the  mpbi 
should  be  coupled  with  the  wave  model,  and  the  cou¬ 
pled  system  should  be  driven  by  the  external  variables 
of  the  MPBL..  These  issues  are  not  addressed  specifically 
in  this  article.  Rather,  we  have  attempted  to  develop  the 
I.EWE.X  common  winds  from  the  available  conventional 
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data,  as  augmented  by  special  measurements  in  the  t  tw- 
EX  array,  in  terms  of  time-averaged,  synoptic-scale,  ef¬ 
fective  20-m  wind  speed  and  direction,  making  every  ef¬ 
fort  to  minimize  the  influence  of  the  sources  of  the  ran¬ 
dom  and  systematic  errors  noted  earlier. 

In  this  article,  we  describe  the  generation  of  the  t.hw- 
EX  common  winds,  including  a  summary  of  the  data 
used,  the  methodology,  the  principal  wind-field  features 
that  affected  the  wave  regime  sampled  in  the  lewex  ar¬ 
ray,  and  an  assessment  of  strengths  and  limitations  of 
the  modeled  winds. 

SPECIFICATION  OF  COMMON  WINDS 
Approach 

Our  approach  to  the  specification  of  the  common 
winds  was  consistent  with  the  experimental  design  of 
LEWEX,  which  was  supposed  to  sample  extreme  waves 
generated  by  typical  extratropical  cyclones  for  the  region 
and  season.  Extreme  waves  normally  form  near  the  East 
Coast  of  North  America  and  move  east-northeastward, 
passing  near  or  right  over  the  lewex  array.  (Unfortunate¬ 
ly,  this  situation  did  not  occur  during  lew'EX,  as  discussed 
later).  Therefore,  we  adopted  a  grid  system  and  method¬ 
ology  that  had  been  successfully  applied  in  the  same  area 
in  several  extensive  wave  hindcasting  studies  designed  to 
estimate  the  normal  and  extreme  wave  climate. 

The  method  adopted^  is  a  mixture  of  objective  and 
subjective  analyses.  The  objective  part  consists  of  the 
calculation  of  surface  winds  from  grid  fields  of  sea-ievel 
pressure  using  a  calibrated  mpbl.  The  subjective  pan 
consists  of  manually  drawn  kinematic  analyses,  applied 
only  to  selected  periods  and  areas.  The  kinematic  anal¬ 
yses  are  hand-gridded  and  then  blended  into  the  objec¬ 
tive  winds.  Winds  are  specified  on  the  nested  grid  system 
shown  in  Figure  1 .  The  extent  of  the  coarse  grid  implies 
exclusion  of  possible  influences  on  the  wave  systems  in 
the  LEW'EX  array  from  generation  sotirces  in  the  far  east¬ 
ern  or  tropical  North  Atlantic  and  the  Southern  Hemi¬ 
sphere.  The  wind  fields  were  developed  before  the  de¬ 
tailed  analysis  of  the  lewex  wave  measurements  and, 
of  course,  before  the  wave  hindcasting  experiments. 
Most  wave  modelers  ran  experiments  first  with  so-called 
forecast  wind  fields,  which  in  some  cases  extended  be¬ 
yond  the  domain  of  the  common  winds,  and  with  results 
suggesting  the  possibility  that  some  of  the  low-frequency 
swell  energy  deteaed  in  the  lewex  array  may  have  origi¬ 
nated  outside  the  domain  of  the  coarse  grid.  Of  course, 
any  such  swell  would  not  be  modeled  in  the  wave  hind- 
casts  driven  by  the  common  wind  field. 

Kinematic  analysis  is  a  tedious,  labor-intensive  process 
and  therefore  was  applied  only  to  the  fine  mesh  grid  (Fig. 
I)  and  to  all  six-hourly  map  times  between  1200  UT  on 
13  March  and  1200  UT  on  19  March  1987.  The  total 
period  that  was  modeled  extended  from  1200  UT  on  9 
March  to  1200  UT  on  19  March,  thereby  allowing  about 
a  four-day  period  for  model  spin-up  before  the  first  air¬ 
craft  and  surface  wave  measurements  were  acquired  (13 
March).  Therefore,  the  common  winds  consisted  entirely 
of  winds  derived  from  pressure  analyses  (mpbd  for  the 
spin-up  period  on  both  coarse  and  fine  grids,  and  on 
the  coarse  grid  throughout  the  period  modeled. 


West  tongitude  (deg) 

Figure  1.  The  coarse  and  fine  grids  used  to  specify  lewex 
common  winds.  The  position  of  the  Tydeman  is  shown. 


MPBL  Winds 

The  MPBL  model  used  to  provide  objective  winds  was 
developed  by  Cardone'  and  w'as  later  updated."'  It  has 
been  used  to  diagnose  and  forecast  marine  surface  wind 
fields  from  products  of  nwp  models  at  several  centers, 
including  the  National  Oceanic  and  Atmospheric  Ad¬ 
ministration  (NOAA)  National  Meteorological  Center 
(NMC),  and  the  New  Zealand  Meteorological  Service.  The 
model  links  the  following  external  fa'’tors  governing  the 
near-surface  w'ind  flow  in  a  steady-sia,, ,  horizontally  ho¬ 
mogeneous  mpbl:  latitude  (Coriolis  parameter,  /),  sur¬ 
face  roughness  parameter  (Zo),  air-sea  temperature  dif¬ 
ference  (Ta-TJ,  geostrophic  wind  vector  (Fg),  and 
horizontal  temperature  gradient  (Tg). 

The  surface  roughness  is  calculated  implicitly  in  the 
model  as  a  function  of  the  friction  velocity.  The  air -sea 
temperature  difference  is  supplied  at  each  grid  point 
through  a  parametric  dependence  on  the  local  geostroph¬ 
ic  wind  direction,  with  typically  negative  (unstable)  values 
for  northerly  winds  and  positive  (stable)  values  for 
southerly  winds,  and  varying  continuously  in  betw'een. 
The  horizontal  air  temperature  gradient  is  specified  as 
uniform  over  the  entire  grid  and  is  taken  from  clima¬ 
tology  for  the  North  Atlantic  in  March. 

The  pressure  fields  were  specified  as  follows.  First, 
six-hourly  isobar  analyses  were  obtained  (hard  copy) 
from  several  sources,  including  real-time  charts  produced 
at  NOAA  .N.Mc  (both  their  preliminary  and  final  analyses 
series),  the  Canada  Atmospher’'  Environment  Service 
Gander  office  real-time  analyses,  and  charts  produced 
at  the  Maclaren  Plansearch,  Ltd.,  weather  office,  Hali¬ 
fax.  The  NOAA  final  analysis  was  the  main  source,  even 
though  this  analysis  was  a  real-time  product  and  was  sub¬ 
jected  to  some  reanalysis  to  impose  better  continuity  of 
pressure  systems,  smoothing  of  unrealistic  gradients,  and 
addition  of  intermediate  isobars  where  necessary.  The 
final  charts  were  each  placed  on  an  x-y  digitizing  table, 
whereon  the  isobars,  each  pressure  center  location,  and 
central  pressure  were  digitized. 
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The  program  that  calculates  the  objective  winds  first 
converts  the  digitized  pressures  to  gridded  pressures.  At 
each  grid  point  on  the  coarse  and  fine  grids,  a  small  cir¬ 
cle  is  constructed,  containing  seven  or  more  points  on 
isobars  (or  five  or  more  points  plus  one  high  or  low  cen¬ 
ter).  A  paraboloid  is  fitted  by  the  least-squares  method 
to  the  pressures  inside  the  circle.  The  pressure  gradient 
at  each  point,  calculated  by  centered  differences,  is  then 
entered  to  the  mpbl  along  with  the  other  required  ex¬ 
ternal  variables  to  yield  the  wind  speed  and  direction  at 
the  grid  point.  The  wind  is  defined  as  the  effective  neu¬ 
tral  wind  at  a  20-m  height. 

Kinematic  Winds 

Where  sufficient  observations  of  the  surface  wind  ex¬ 
ist,  kinematic  analysis  can  provide  more  accurate  wind 
fields  than  MPBL-derived  winds,  because  effects  not  welt 
modeled  by  single-point  mpbl  models  may  be  captured. 
These  effects  include  accelerated  flow  caused  by  large- 
scale  spatial  variations  (e.g,  curvature  effects)  or  tem¬ 
poral  variations  (e.g.,  isallobaric  effects)  in  pressure  gra¬ 
dients,  and  the  deformation  in  surface  winds  near  and 
downstream  of  coasts.  Also,  the  process  of  kinematic 
analysis  implies  a  thorough  reanalysis  of  the  evolution 
of  the  surface  wind-field  pattern  through  time  and  space 
in  a  limited  area  (i.e.,  the  domain  of  the  fine  grid),  and 
the  imposition  of  better  continuity  of  wind-field  features 
than  afforded  by  a  series  of  pressure-field  “snapshots.” 
Through  this  process,  the  influence  of  high-quality  mea¬ 
sured  data  may  be  propagated  into  nearby  regions  and 
adjacent  times  that  may  be  devoid  of  measured  data  on 
a  given  map.  When  can  led  out  by  a  synoptician  experi¬ 
enced  in  kinematic  analysis,  the  process  is,  in  effect,  a 
form  of  three-dimensional  (space  and  time)  assimilation 
of  measured  surface  wind  data  into  a  background  field 
of  MPBL  winds. 

Kinematic  analysis  involves  the  following  basic  steps: 
(!)  assembly,  adjustment,  and  display  of  all  available 
synoptic  observations  of  marine  surface  winds,  as  over¬ 
lays  on  displays  of  previously  calculated  six-hourly  mpbl 
winds;  (2)  identification  and  rejection  of  erroneous  re¬ 
pons,  so  far  as  possible;  (3)  construction  of  a  continuity 
chart  that  defines  the  movement  of  centers  of  action  and 
principal  wind-field  features  such  as  wind  shift  lines  and 
isotach  maxima;  (4)  construction  of  streamlines  and  iso- 
tachs;  and  (5)  gridding  of  wind  speed  and  direction  and 
entering  of  same  to  a  disk  file.  Inside  the  boundary  of 
the  fine  grid,  kinematic  winds  override  the  mpbl  winds. 

During  lewex,  wind  observations  were  available 
within  the  domain  of  the  fine  grid  from  the  following 
sources:  (1)  transient  ships  (six-hourly),  (2)  three  noaa 
buoys  moored  on  Georges  Bank  (hourly),  (3)  a  drilling 
rig  moored  on  Grand  Banks  (three-hourly),  (4)  the  re¬ 
search  vessel  HNLMS  Tydeman  (recording  anemometers 
on  both  the  vessel  and  the  moored  Wavescan  buoy),  and 
(5)  the  research  vessel  CFAV  Quest  (hand-held  anemom¬ 
eter,  four-hourly). 

The  transient  ship  winds  are  probably  the  least  accu¬ 
rate  of  this  data  set,  but  along  the  shipping  lanes  the 
coverage  of  reports  usually  allows  some  skill  in  the  iden¬ 
tification  of  grossly  inaccurate  reports  and  some  reduc¬ 


tion  of  error  through  averaging  of  neighboring  reports. 
Figure  2  shows  the  total  coverage  of  ship  reports  between 
13  and  19  March  in  the  source  region.  These  reports  were 
available  in  real  time,  as  not  enough  time  had  elapsed 
between  iewex  and  the  production  of  the  common 
winds  (about  four  months)  to  use  later  ship  report  col¬ 
lections  that  included  additional  ship  data  from  foreign 
sources  and  data  extracted  from  manuscript  logs.  During 
t  EW'EX,  swell  observed  in  the  measured  data  often  ap¬ 
peared  to  originate  outside  the  shipping  lanes,  and  indeed 
out.side  the  domain  of  the  fine  grid,  thereby  minimizing 
the  influence  of  the  high-quality  wind  data  available  lo¬ 
cally  (e.g,  Tydeman). 

All  observed  winds  were  reduced  to  effective  20-m- 
height  neutral  wind  speeds  following  Cardone  et  al.’ 
For  transient  ship  reports,  estimated  (Beaufort)  and  mea¬ 
sured  winds  were  treated  differently.  The  efficacy  of  this 
treatment  was  demonstrated  recently  by  Cardone  et 
al.,'’  as  shown  in  Figure  3.  Failure  to  account  for  errors 
in  the  operational  Beaufort  scale-wind  speed  equivalency 
table  (for  estimated  winds)  and  anemometer  height  and 
stability  (for  measured  winds)  may  easily  induce  system¬ 
atic  errors  of  up  to  2  m/s  for  typical  wind  speeds  and 
air-sea  temperature  differences.  For  the  stationary  plat¬ 
forms  (buoys,  ships,  drilling  rig),  the  correction  of  winds 
to  a  20-m  height  was  straightforward,  given  the  anemom¬ 
eter  height  and  air-sea  temperature  difference.  For  ex¬ 
ample,  at  the  Tydeman  location,  the  anemometer  height 
was  3.5  m  on  the  Wavescan  buoy  and  24.4  m  on  the 
vessel.  Figure  4  compares  the  two  series  of  adjusted 
winds  and  the  kinematic  winds  at  the  grid  point  near 
the  Tydeman.  The  differences  between  the  adjusted  mea¬ 
sured  series  probably  are  at  least  in  part  due  to  different 
averaging  intervals.  Measured  winds  from  the  Quest  were 
given  less  weight  in  the  analysis  because  several  large  data 
gaps  occurred,  and  often  the  winds  were  suspected  to 
be  affected  by  ship  superstructure  interference  (W.  Neth- 
ercote,  personal  communication,  1989). 

WIND-FIELD  EVOLUTION 

In  this  section,  we  describe  the  principal  features  of 
the  LEWEX  wind  field  and  refer  both  to  pressure  analy¬ 
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Figure  2.  Ship  reports  available  for  lewex  pressure  and  wind- 
field  analysis  between  1200  UT  on  13  March  and  1200  UT  on 
19  March.  The  position  of  the  Tydeman  is  shown. 
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Figure  3.  Comparison  of  monthly  mean  wind  speeds  in  two- 
degree  latitude-longitude  squares  of  the  South  China  Sea  ship¬ 
ping  lane  (1965-84),  A.  Estimated  and  measured  ship  winds  as 
reported.  B.  Adjusted  estimated  winds  and  reported  measured 
winds.  C.  Reported  estimated  winds  and  adjusted  measured 
winds.  D.  Both  estimated  and  measured  winds  adjusted.  The 
mean  difference  and  the  ratio  of  points  below  the  line  to  the 
total  points  are  given  as  well.  (Reprinted,  with  permission,  from 
Ref,  6.) 


March  1987 

Figure  4.  Comparison  of  Tydeman  anemometer  and  Waves- 
can  (at  the  Tydeman  location)  anemometer  winds  for  storm  of 
13-19  March  1987,  both  adjusted  to  a  20-m  height,  and  lewex 
common  wind  at  a  fine  grid  point  nearest  to  the  Tydeman. 


ses  and  wind-barb  plots.  Figures  5  and  6  give  the  section 
of  the  NOAA  NMC  final  analysis  covering  the  central 
North  Atlantic  Ocean  for  12{X)  UT  each  day  between 
9  and  19  March.  Figure  7  shows  the  plots  of  the  com¬ 
mon  winds  (daily  at  1200  UT  between  13  and  19  March) 
displayed  only  at  coarse  grid  points  corresponding  to  the 


times  shown  in  Figure  6.  The  locations  of  the  Qiien  and 
the  Tvdeman  are  very  close  to  the  coarse  grid  points  at 
SO^N,  47.5°W  and  50°N,  dS^W,  respectively.  To  relate 
the  wind-field  features  to  the  vvave  systems  observed  to 
evolve  in  the  i  twi  x  measured  wave  data,  v'  c  will  refer 
to  the  numbering  system  adopted  by  Cierling  (this  vol¬ 
ume)  and  the  nomenclature  shown  in  Figure  8  of  Beal 
(this  volume). 

Wind  System  1  (Dispersive  Northerly  Swell) 

The  first  weather  system  of  interest  to  i  t  vvi  x  was  the 
frontal  wave  that  formed  near  Cape  Cod  on  9  March. 
This  cyclone  moved  east -northeast ward  and  intensified, 
the  center  passing  directly  over  the  t  i-.wkx  site  (before 
the  measurements  began,  however)  late  on  10  March; 
it  then  moved  north-northeastward  to  the  southern  tip 
of  Greenland  on  1 1  March.  The  strong  pressure  gradient 
between  this  cyclone  and  a  strong  anticyclone  over  the 
Gulf  of  St.  Lawrence  reinforced  an  existing  area  of 
strong  north-northwesterly  flow  over  the  Davis  Strait 
and  the  Labrador  Sea,  which  had  been  established  by 
the  previous  cyclone  on  9  March.  This  fetch  zone  there¬ 
fore  had  a  duration  of  more  than  48  hours  and  maxi¬ 
mum  surface  winds  of  about  20  m/s,  even  though  wave 
generation  was  restricted  somewhat  by  ice  cover  in  the 
Davis  Strait  and  near  the  Labrador  coast  (see  Fig.  2  of 
Beal,  this  volume).  All  hindcast  models  responded  to  this 
wind-field  system  and  showed  a  system  of  diminishing 
dispersive  northerly  swell,  which  was  the  dominant  sea 
state  at  the  lewex  site  on  1 1  and  12  March. 

Wind  System  2A  (Developing  Northeasterly  Sea) 
According  to  most  models,  the  northerly  swell  was  still 
running  through  the  lewex  area  early  on  13  March, 
when  a  strengthening  northeast  wind  of  10  to  15  m/s 
began  to  generate  a  developing  northeasterly  sea.  These 
northeasterly  winds  were  driven  by  a  tightening  pressure 
gradient  on  the  north  side  of  the  cold  front  that  trailed 
the  previous  cyclone.  A  new  cyclone  that  had  formed 
on  this  front  on  10  March  moved  eastward  for  awhile, 
then  turned  northward  and  began  to  intensify  on  12 
March.  The  development  of  a  blocking  ridge  in  the  cen¬ 
tral  North  Atlantic  prevented  the  further  development 
of  this  system  and  retarded  its  movement,  however.  As 
this  cyclone  slowed  its  northward  movement  on  13 
March  (Fig.  6),  the  associated  front  moved  northward 
as  a  warm  front  to  lie  north-south  between  the  Quest 
and  the  Tydeman  from  late  on  13  March  to  early  on 
15  March.  The  local  wind  field  in  the  lew  ex  area  dur¬ 
ing  this  period  was  adequately  resolved  because  the  mea¬ 
sured  winds  from  the  Quest  and  the  Tydeman  were  as¬ 
similated  in  the  kinematic  analyses.  At  the  Quest,  the 
surface  wind  was  steady  northeasterly  between  0000  UT 
on  13  March  and  1200  UT  on  14  March  at  speeds  of 
!0  to  15  m/s,  whereas  at  the  Tydeman,  winds  veered 
from  northeasterly  near  15  m/s  at  the  beginning  of  this 
period  to  southerly  at  less  than  10  m/s  at  the  end  of  this 
period.  Of  course,  possibly  very  fine  structures  in  the 
wind  field  in  the  frontal  zone  itself  between  the  Quest 
and  the  Tydeman  would  be  smoothed  even  on  the  fine 
grid. 
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Figure  5.  Isobar  patterns  and  frontal  locations  taken  from  indicated  section  of  noaa  Northern  Hemisphere  Final  Analysis  sur¬ 
face  weather  maps  at  1200  UT  on  9-12  March  1987.  o  is  unoccupied  ship  site.  The  Quest  occupied  the  western  site  from  14 
to  19  March;  the  Tydeman  occupied  the  eastern  site  from  14  to  18  March,  then  moved  to  the  western  site. 


Wind  System  2B  (South-Southeasterly  Swell) 

The  blocked  frontal  wave  just  described  was  also 
responsible  for  another  wind  system  of  interest,  name¬ 
ly,  the  area  of  south-southeasterly  winds  east  of  the  cy¬ 
clone’s  trailing  cold  front  on  1 1  March.  This  system  was 
characterized  by  a  fetch  of  nearly  600  nmi  by  1 3  March 
(Fig.  7),  which  extended  for  a  time  as  far  north  as  the 
Tydeman  location.  Most  of  this  system,  however,  was 
located  in  the  domain  of  the  coarse  grid  where  the  reso¬ 
lution  (2.5°  longitudinally)  and  analytical  method  (mpbd 
somewhat  limited  fine  details.  Several  transient  ships  in 
this  system  reported  surface  winds  greater  than  40  kt  at 
times,  but  because  this  southerly  flow  was  stable,  the 
effective  neutral  wind  was  analyzed  as  18  m/s  at  maxi¬ 
mum  intensity.  The  wave  system  generated  in  this  wind 
field  was  observed  in  the  lewex  array  (both  the  Quest 
and  the  Tydeman)  by  early  on  14  March,  and  this 
diminishing  dispersive  southeast  swell  was  seen  in  the 
directional  wave  data  as  late  as  early  on  16  March. 

Wind  System  3  (Growing  Northerly  Sea/Swell) 

The  blocked  frontal  wave  began  to  fill  on  14  March 
and  resumed  a  slow  movement  to  the  north-northeast 
on  15  March.  As  it  did  so,  a  high-pressure  system  over 
the  Labrador  Sea  strengthened,  leading  to  another  epi¬ 
sode  of  a  strong  pressure  gradient  (Fig.  6)  and  northerly 
flow  (Fig.  7)  in  the  Labrador  Sea.  Again,  the  area  of 
wave  generation  lay  north  of  the  fine  grid,  in  an  area 
particularly  void  of  data,  so  the  details  of  the  evolution 


of  this  complex  wind  system  are  uncertain.  This  wind 
system  generated  a  sea  that  propagated  southward  as  a 
young  swell  through  the  lewex  array,  commencing  near 
midday  on  15  March,  peaking  late  on  16  March,  and 
vanishing  by  around  midday  on  18  March. 

Wind  System  4  (Freshening  Easterlies) 

As  the  blocked  frontal  wave  moved  away  from  the 
area  and  the  northerly  swell  was  building  in  the  lewe.x 
array,  winds  at  the  Quest  and  the  Tydeman,  which  had 
become  light  and  variable  by  early  on  16  March,  shift¬ 
ed  northeasterly  and  by  1200  UT  increased  to  about  10 
m/s  at  the  Tydeman  (see  Fig.  4)  and  1 5  m/s  at  the  Quest. 
At  the  Quest,  the  hand-held  anemometer  provided  a  few 
wind  estimates  of  55  kt  late  on  16  March,  but  these  read¬ 
ings  were  taken  to  be  large  overestimates  of  the  true  wind 
because  the  ship  was  under  way  in  head  winds,  and  su¬ 
perstructure  interference  tended  to  bias  winds  high  at  the 
Quest  (W.  Nethercote,  personal  communication,  1989). 
The  fresh  northeasterlies  provided  an  18-h  period  in 
which  local  wave  generation  in  the  presence  of  a  swell 
might  be  studied.  These  local  northeasterlies  v.ere  as¬ 
sociated  with  the  approach  of  a  strong  cyclone  on  16 
March,  which  also  was  a  significant  factor  in  wind  sys¬ 
tem  5,  to  be  described  next. 

Wind  System  5  (South-Southwe.sterly  Swell) 

This  wind  system  actually  was  a  complex  response  to 
the  development  and  evolution  of  two  cyclones.  The  first 
cyclone  formed  near  Cape  Hatteras  (hence  CHI)  on  13 
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March,  moved  eastward,  and  deepened  strongly  though 
not  explosively  on  14  and  15  March.  As  this  system  en¬ 
countered  the  blocking  Atlantic  ridge,  howevet,  it  turned 
northward  like  its  predecessors  and  tilled  rapidly  on  16 


Figure  6.  Isobar  patterns  and  frontal  locations  taken  from  in 
dicated  section  of  noaa  Northern  Hemisphere  Final  Analysis 
surface  weather  maps  at  1200  UT  on  13-19  March  1967.  o  is 
unoccupied  ship  site.  •  is  occupied  ship  site.  The  Quest  oc 
cupied  the  western  site  from  14  to  19  March;  the  Tydeman  oc¬ 
cupied  the  eastern  she  from  14  to  18  March,  then  moved  to  the 
western  site 


March,  with  the  center  entering  eastern  Newfoundland 
on  17  March.  The  second  cyclone  (C'H2)  formed  near 
C  ape  Hatteras  on  16  March  and  mosed  eastward  to  be¬ 
come  involved  in  the  circulation  of  C'Hl  on  P  March, 
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Figure  7.  LEWEx  common  winds  displayed  as  conventional 
wind  barbs  (knots)  on  coarse  grid  (south  of  60”N,  west  of  30'W) 
daily  at  1200  LIT  on  13-19  March  1987.  o  is  unoccupied  ship 
site:  •  is  occupied  ship  site.  The  Quest  occupied  the  western 
site  from  14  to  19  March;  the  Tydeman  occupied  the  eastern 
site  from  14  to  18  March,  then  moved  to  the  western  site. 


West  longitude  (deg) 


142 


The  l.lUTliX  H  im/  Tietiis  und  Baseline  Hmdeasi 


resulting  in  a  large  quasi-stationary  cyclonic  circulation 
covering  the  North  Atlantic  west  of  about  45 °N  on  18 
and  19  March. 

Southwesterly  swell  first  appeared  in  the  lewe.x  array 
late  on  1 7  March  and  persisted  through  the  end  of  the 
LEWEx  measurements  around  1800  UT,  19  March.  This 
swell  was  generated  in  the  south  and  east  quadrants  of 
CH 1  and  CH2,  and  therefore  more  than  one  fetch  zone 
of  significant  generation  of  wave  energy  might  have  been 
involved  as  sources  of  swell  observed  in  the  lewex  ar¬ 
ray.  All  hindcasts  showed  the  southwest  swell  arriving 
at  the  lewex  site  about  18  h  before  it  was  actually  ob¬ 
served  to  arrive  (see  Gerling,  this  volume),  suggesting 
large  systematic  errors  in  the  wind-field  features  respon¬ 
sible  for  this  wave  system.  Those  features  lay  south  of 
the  fine  grid  and  south  of  the  main  shipping  lane  through 
16  March.  During  17  March,  CHI  moved  onto  the  fine 
grid,  but  as  it  filled,  the  southwesterly  flow  diminished 
steadily  with  maximum  speeds  of  about  15  m/s.  On  18 
March,  this  first  area  of  southwesterly  flow  passed  over 
the  LEWEX  array  with  wind  speeds  of  only  about  10  m/s. 

The  second  organized  area  of  southwesterly  flow,  this 
time  associated  with  CH2,  was  best  developed  at  around 
1200  UT  on  17  March,  with  maximum  wind  speeds  of 
26  m/s,  centered  near  35°N,  65°W,  again  on  the  coarse 
grid.  This  surge  of  wind  energy  propagated  rapidly 
northward  onto  the  fine  grid  on  18  March,  bringing 


southerlies  with  speeds  of  15  m/s  to  within  about  300 
nmi  of  the  lewex  array,  but  peak  winds  of  only  about 
5  m/s  at  the  Quest  and  the  Tydenian.  This  wind  system 
was  the  last  one  of  interest  in  lewex,  as  by  1200  UT 
on  19  March,  the  surface  winds  in  the  Nonh  Atlantic 
west  of  20°  W  had  settled  into  a  pattern  of  unusual  sum¬ 
merlike  tranquility! 

DISCUSSION 

In  this  section,  we  offer  a  critical  assessment  of  the 
common  winds  and  provide  estimates  of  the  accuracy 
achieved  in  the  specification  of  each  principal  wind  sys¬ 
tem.  We  also  describe  an  attempt,  only  partially  success¬ 
ful,  to  revise  the  winds  in  ways  that  might  improve  the 
poor  hindcast  of  arrival  time  of  swell  from  wind  systems 
3  and  5  at  the  lewex  site. 

To  develop  our  error  estimates,  we  may  draw’  upon 
several  previous  studies  of  errors  in  marine  winds,  many 
of  which  used  the  same  .mpbl  model  used  in  this  study. 
Table  1  is  a  summary  of  six  such  studies  in  which  mpbl 
winds  (all  calculated  with  Cardone's  mpbi  model)  are 
compared  with  observ'ed  surface  winds.  The  comparison 
statistics  (mean  and  root-mean-square  [rms]  wind-speed 
differences)  group  logically  into  four  categories,  depend¬ 
ing  on  the  type  of  verification  data  used:  (1)  buoys  or 
other  fixed  platforms  equipped  with  recording  anemom¬ 
eters,  (2)  transient  ship  winds  as  reported,  (3)  transient 


Table  1.  Reported  scalar  wind-speed  difference  between  winds  derived  from  the  indi¬ 
cated  pressure  fields,  using  Cardone's  mpbl  model,  and  the  indicated  measured  data 
types. 


Study 

Comparison 

data 

Pressure 

fields 

Basin 

Mean  diff. 
(.MPBL  data) 
(m/s) 

Scatter 

(rms) 

(m/s) 

Cardone'® 

NDBO  buoys 

NOAA  LFM 

L'SEC 

-0.8 

3.0 

USGC 

-0.5 

2.9 

uswc 

-0.4 

2.8 

Overland 

NDBO  buoys 

NOAA  LPM 

NY  Bight 

-0.5 

2.4 

&  Gemmill'- 

Eid  et  al.* 

Bur-ys/rigs 

NOAA  LFM 

N.  Atlantic 

-0.6 

3.0 

Gemmill 

NDBO  buoys 

NOAA  obj 

N.  Atlantic 

-0.1 

2.9 

et  al." 

NDBO  buoys 

NOAA  obj 

N.  Pacific 

-1-0.6 

3.2 

Ships 

NOAA  obj 

N.  Atlantic 

-2.9 

5.1 

Ships 

NOAA  obj 

N.  Pacific 

-2.0 

4.7 

Cardone 

Ships  (adj) 

NMC  final 

N.  Pacific 

-  1.6 

4.5 

et  al.’ 

Ships  (adj) 

FNOC  obj 

N.  Pacific 

-1.6 

3.6 

Dobson  & 

Geosat 

lewex  rean 

N.  Atlantic 

-0,6 

3.4 

Chaykovsky 

(this  volume) 

Composite 

NDBO  buoys 

-0.3 

2.9 

Geosat 

-0.6 

3.4 

Transient  ships  (adjusted) 

-  1.6 

4.0 

Transient  ships  (as  reported) 

-2.4 

4.9 

Note:  NDBO  =  noaa  National  Data  Buoy  Office,  i.EM  =  noa.a  Limited  .‘Xrca  l  ine  Mesh  Model. 
LSEc;  --  U.S.  East  Coast,  csc;t  =  U.S.  Gulf  Coast,  csv'C  =  U.S.  West  Coast,  nsk  ---  National 
Meteorological  Center,  t  Noc  =  Fleet  Numerical  Oceanography  Center,  mpbi  =  Marine  Planetary 
Boundary  Layer  model,  adj  =  adjusted  ship  wind  speeds,  ob]  =  objectively  analyzed  pressure  fields, 
and  rean  =  reanalyzed  pressure  fields. 
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ship  winds  whose  wind  speeds  are  adjusted  to  effective 
neutral  20-in  wind  speeds,  and  (4)  Geosat-derived  winds. 
Composites  of  difference  statistics  for  each  of  these  cat¬ 
egories  are  also  given  in  Table  1 .  In  addition,  the  table 
indicates  the  source  of  pressure  fields  used  in  the  study 
and  the  associated  ocean  basin. 

The  smallest  differences  are  found  for  the  buoy  com¬ 
parisons,  which  exhibit  a  scatter  of  about  3  m/s  around 
a  bias  of  less  than  0.5  m/s.  Unadjusted  transient  ship 
winds  show  the  greatest  differences,  with  statistics  for 
adjusted  transient  ships  and  Geosat  winds  in  between. 
The  smaller  differences  for  the  buoy  comparisons  are 
rather  consistent  among  the  four  studies  involved  and 
might  be  attributed  to  the  near-shore  locations  (most 
NOAA  National  Data  Buoy  Office  [ndboi  buoys  are 
moored  within  200  nmi  of  the  U.S.  coast),  where  the 
external  variables  of  the  mpbl  are  better  defined  than 
in  the  open  ocean.  Cardone  et  al.,^  however,  reported 
a  scatter  of  only  2.2  m/s  in  mpbl  wind  speeds  in  369 
comparisons  against  Seasat  scatterometer  winds  mea¬ 
sured  in  two  passes  over  the  eastern  North  Pacific  Ocean, 
for  which  pressure  fields  were  carefully  reanalyzed.  This 
finding  suggests  that  wind-speed  errors  in  mpbl  winds 
derived  from  carefully  (subjective  or  objective)  analyzed 
pressure  fields  are  about  3  m/s  (rms)  about  a  mean  error 
(bias)  of  less  than  1  m/s.  We  adopt  these  as  the  baseline 
wind-speed  errors  of  the  coarse-grid  lewex  common 
winds. 

Wind-direction  errors  have  not  been  as  consistently 
reported  in  the  cited  studies,  but  we  have  extracted  a  con¬ 
sensus  estimate  from  the  statistics  presented  of  scalar 
wind-direction  errors  in  mbpl  winds  of  25°  to  30°  (rms) 
about  a  mean  error  of  around  10°,  and  we  adopt  these 
as  our  baseline  wind-direction  errors  for  lewe.x  coarse- 
grid  common  winds.  Interestingly,  the  available  studies 
show  no  particular  difference  between  wind-direction 
statistics  derived  from  ships  or  buoys,  suggesting  that 
transient  ships  estimate  the  wind  direction  about  as  well 
as  buoys,  although  ship  wind-speed  estimates  are  subject 
to  considerably  more  variability  (see  Pierson,  this  vol¬ 
ume)  than  buoy-measured  wind  speeds. 

The  poorest  comparisons  in  Table  1  are  provided  by 
the  unadjusted  transient  ships,  and  no  doubt  the  varia¬ 
bility  in  the  ship  winds  contributes  significantly  to  the 
difference  statistics.  In  several  of  the  studies  cited  in  Ta¬ 
ble  1 ,  rms  vector  wind-difference  magnitudes  have  also 
been  presented,  and  in  general  these  are  about  50%  larg¬ 
er  than  the  scalar  rms  wind-speed  errors  computed  from 
the  same  comparison  data  set  for  either  buoys  or 
ships.*'  Therefore,  it  should  be  expected  that  mpbl 
winds  with  baseline  errors  of  about  3  m/s  in  wind  speed 
about  negligible  bias,  and  wind  direction  errors  of  25° 
to  30°  about  mean  errors  of  about  10°,  will  exhibit  ap¬ 
parent  rms  vector  wind  errors  of  about  7.5  m/s  when 
compared  with  unadjusted  transient  ship  winds.  Indeed, 
Zambresky  (this  volume)  reports  just  such  differences 
between  the  lew'EX  common  winds  and  unadjusted  tran¬ 
sient  ships.  Somewhat  lower  errors  were  reported  for  the 
alternate  ecmwf  wind  field  also  evaluated  by  Zam¬ 
bresky,  but  we  suspect  that  the  reduction  can  be  attribut¬ 
ed  mainly  to  the  comparison  of  the  ecmwf  winds 


against  the  same  ship  wind  repons  naturally  assimilated 
into  the  wind  fields  as  part  of  the  icmwi  analysis 
system. 

The  Geosat  comparisons  were  made  against  the  i.e\s  • 
EX  common  winds,  and  in  nearly  all  cases  were  made 
over  the  coarse-grid  domain  from  mpbl  winds.  The 
many  along-orbit  comparisons  presented  by  Dobson  and 
Chaykovsky  (this  volume)  provide  unique  views  of  the 
error  structure  in  conventional  wind  fields,  panicularly 
the  tendency  for  significant  spatially  coherent  wind-speed 
errors,  which  are  no  doubt  more  damaging  to  wave  hind- 
casts  (and  other  ocean  response  models)  than  are  ran¬ 
domly  distributed  errors.  Another  interesting  aspect  of 
those  comparisons  is  the  systematic  difference  between 
ascending  and  descending  passes,  which  (barring  an  in¬ 
strument  source)  may  reflect  the  tendency  for  skill  in  real¬ 
time  synoptic  marine  analyses  to  vary  systematically  be¬ 
tween  day  and  night  because  of  the  varying  numbers  of 
transient  ship  reports  transmitted  to  nwp  centers. 

The  errors  in  the  lewex  winds  on  the  fine  grid  can¬ 
not  be  estimated  directly  since  all  available  measured 
wind  data  were  used  in  the  kinematic  analysis,  and  es¬ 
pecially  in  the  vicinity  of  the  lewex  array  (e.g.,  see  Fig. 
3),  errors  are  very  low.  On  the  basis  of  previous  experi¬ 
ence,  we  estimate  that  the  errors  in  the  kinematic  analyses 
on  the  fine  grid  are  about  30%  lower  overall  than  the 
baseline  errors  in  mpbl  winds,  but  with  somewhat  great¬ 
er  reductions  in  the  spatially  and  temporally  coherent 
errors.  Unfortunately,  detailed  analysis  of  the  lewex 
measured  and  hindcast  wave  data  indicates  that  most 
of  the  energy  in  the  wave  systems  observed  to  evolve  in 
the  lewex  array  originated  outside  the  fine  grid,  some 
in  remote  areas  of  the  North  Atlantic,  where  errors  in 
the  common  winds  locally  are  even  greater  than  the  base¬ 
line  errors  attached  to  the  common  winds  overall.  Thus, 
locally  generated  systems  such  as  systems  2A  and  4 
should  be  more  accurately  specified  than  the  baseline  es¬ 
timates,  whereas  wave  systems  developing  north  of  i.Ew- 
EX  (systems  1  and  3)  and  far  to  the  south  of  lewf.x  (sys¬ 
tem  5)  will  be  less  accurately  specified. 

Wave  hindcasts  from  all  models  indeed  exhibited  large 
errors  in  the  simulation  of  systems  3  (Labrador  Sea  swell) 
and  5  (south-southwest  swell).  The  similarity  of  these 
errors  from  model  to  model  (e.g.,  all  models  predicted 
swell  from  each  of  these  systems  to  arrive  at  the  lewex 
site  about  18  h  before  detection  by  the  Wavescan  [see 
Fig.  8  of  Gerling,  this  volume])  suggests  large  systemat¬ 
ic  errors  in  the  winds  in  the  source  areas  of  these  sys¬ 
tems.  To  investigate  this  possibility,  we  attempted  to  re¬ 
vise  the  winds  in  areas  of  the  coarse-grid  domain  thought 
to  contain  the  generation  areas  for  systems  3  and  5. 
These  areas  were  determined  by  backward  tracing  of 
great  circles  through  the  observed  swell  directions  indi¬ 
cated  by  Wavescan.  Because  neither  of  these  wave  sys¬ 
tems  exhibited  a  shift  of  dominant  wavelength  with  time 
consistent  with  a  point  source,  a  precise  determination 
of  source  could  not  be  made,  and  in  fact  the  wind  fields 
suggested  rather  dynamic  fetch  source  zones  for  both 
systems. 

The  revision  consisted  simply  of  kinematic  analysis  of 
the  affected  parts  of  the  coarse  grid,  on  maps  between 
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0000  UT  on  15  March  and  0000  UT  on  17  March.  Two 
new  aspects  of  this  revised  kinematic  analysis  were  as 
follows:  (1)  The  wind  speeds  from  Geosat  passes  over 
the  selected  reanalysis  areas  were  used.  (2)  Where  lack 
of  data  allowed  latitude  in  the  kinematic  analysis,  the 
revision  was  made  in  the  direction  of  improving  the 
specification  of  the  wave  systems  of  interest  (a  form  of 
subjective  inverse  modeling).  For  example,  the  W'avescan 
data  suggest  that  the  source  of  the  southwest  swell  is  not 
the  strong  southerly  flow  preceding  the  occluded  front 
associated  with  CHI  and  not  part  of  the  circulation  of 
CH2,  but  rather  a  fairly  small-scale  feature  of  CHI, 
namely,  the  area  of  gale  force  southwesterlies  that  de¬ 
velop  on  16  March  in  advance  of  a  secondary  trough 
that  formed  in  the  cold-air  sector  of  CH 1  early  on  the 
I6th  (see  Fig.  6).  Thus,  wind  speeds  were  reduced  by 
up  to  5  m/s  ahead  of  the  occlusion  (as  supported  also 
by  Geosat)  and  turned  and  increased  in  advance  of  the 
cold  sector  trough.  Other  changes  included  increasing 
the  southeast  flow  in  advance  of  the  occlusion  later  on 
the  I6th  and  early  on  the  11  th,  decreasing  the  north- 
easterlies  around  the  Tydeman  on  the  \(>th  by  about  1 
m^'s,  and  shifting  of  the  front  lying  north  of  lewex  on 
the  \5th  to  the  west,  making  commensurate  wind-field 
changes  to  the  northerlies  west  of  the  front. 

The  effectiveness  of  the  wind-field  revisions  on  hind- 
casts  of  systems  3  and  5  was  investigated  by  using  the 
Ocean  Data  Gathering  Program  (ODGP)  model  (the  only 
model  that  was  readily  available).  Results  of  the  rehind- 
cast  at  the  Tydeman  are  compared  with  the  odgp  lew- 
ex  run  and  with  Wavescan,  in  Figure  8,  in  terms  of  Ger- 
ling’s  partitioned  wave-vector  representation.  Of  course, 
systems  1  and  2  are  not  affected  by  the  revisions.  The 
Labrador  Sea  swell  that  peaked  on  16  March  (system 
3)  is  diminished  in  the  revised  hindcast,  but  its  arrival 
is  not  delayed.  The  revised  winds  appear  to  provide  a 
delay  of  about  8  h  in  the  arrival  of  the  southwest  swell 
on  17  March,  which  is  less  than  half  of  the  delay  need¬ 
ed  to  agree  with  the  Wavescan  arrival  time.  The  general 
trend  of  the  vectors  after  arrival  time  still  does  not  agree 
with  that  of  Wavescan  on  the  18//?.  However,  the  slight 
reduction  of  the  wind  speed  at  the  Tydeman  on  the  \6th 
and  the  increased  southeasterlies  in  advance  of  the  oc¬ 
cluded  front  provide  a  better  representation  of  the  fresh 
easterlies  (system  4). 

Perhaps  several  iterations  of  the  process  of  revision 
and  rehindcast  of  the  winds  in  the  Labrador  Sea  could 
provide  significantly  improved  specification  of  system 
3,  since  little  conventional  data  exist  for  that  area.  We 
are  frankly  surprised,  however,  by  the  insensitivity  of 
the  rehindcast  to  the  substantial  changes  made  to  the 
wind  field  for  system  5.  Further  changes  in  the  wind  field 
in  the  source  zone  of  system  5  in  the  direction  of  im¬ 
proving  the  specification  of  the  arrival  time  of  the  swell 
at  the  Tydeman  would  mostly  likely  require  serious  vio¬ 
lation  of  wind  observations  from  ships  in  the  area  and 
Geosat.  Perhaps  other  wave  models  that  participated  in 
1 EWEX  would  benefit  more  from  the  revised  wind  fields 
than  oiXiP.  This  sensitivity  experiment  suggests,  how¬ 
ever,  that  alternate  explanations  for  the  disagreement  be¬ 
tween  model  and  Wavescan  in  system  5  should  also  be 
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Figure  8.  Comparison  of  Wavescan.  odgp  lewex  hindcast, 
and  ODGP  hindcast  with  revised  winds  at  the  Tydeman  site. 


considered.  These  include  possible  interaction  of  the  swell 
with  the  Gulf  Stream,  the  possibility  that  Wavescan  is 
having  difficulty  resolving  the  opposing  swell  trains  of 
systems  3  and  5,  and  the  possibility  that  all  models  are 
lacking  some  physical  mechanism  that  operates  either 
in  the  source  zone  or  on  the  opposing  swell  trains  in  the 
1  EWEX  area,  and  which  is  critical  to  an  accurate  specifi¬ 
cation  of  system  5. 
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PREDICTIONS  FROM  THE  GSOWM  DURING  LEWEX 


Predictions  from  the  U.S.  Navy’s  Global  Spectral  Ocean  Wave  Model  (Gsownd  are  compared  with 
observations  from  buoys  and  ship  radar  and  with  output  from  the  wam  third-generation  wave  model, 
with  both  models  forced  in  hindcast  mode  by  identical  winds.  In  general,  the  gsovvm  hindcast  spectra 
compare  well  with  the  other  spectral  estimates,  although  gsowm  tends  to  develop  too  much  energy  at 
low  frequencies.  Although  the  gsowm  predictions  are  generally  in  good  agreement  with  the  observations, 
on  one  occasion  gsowm  fails  to  show  a  growing  wind  sea  that  is  predicted  by  wam  and  verified  by  the 
buoy  data. 


INTRODUCTION 

The  Global  Spectral  Ocean  Wave  Model  (GSOWM)  is 
a  first-generation  wave  model  run  operationally  at  the 
U.S.  Navy’s  Fleet  Numerical  Oceanography  Center 
(FNOC).  The  model  is  forced  by  winds  produced  by  the 
Navy  Operational  Global  Atmospheric  Prediction  Sys¬ 
tem  numerical  weather  prediction  model  and  is  run  on 
a  2.5°  spherical  grid  twice  per  day.'  Gsowm  produces 
two-dimensional  wave  energy  spectra,  with  resolution  of 
15  frequencies  by  24  directions,  out  to  a  forecast  time 
of  72  h.  The  initial  conditions  for  these  forecasts  are 
provided  by  simply  carrying  the  predicted  two-dimen¬ 
sional  energy  spectra  forward  in  time.  Wave  products, 
including  significant  wave  height,  sea  height,  swell  height, 
primary  wave  direction,  primary  wave  period,  sea  direc¬ 
tion,  swell  direction,  sea  period,  and  swell  period,  are 
derived  from  the  spectra  in  12-h  intervals. 

BASIC  MODEL  FORMULATION 

The  basic  formulation  of  wave  growth  and  decay  in 
the  gsowm  is  based  on  the  work  of  Pierson.^  The  equa¬ 
tion  governing  the  change  of  the  one-dimensional  (i.e., 
direction-independent)  wave  energy  spectrum  S(/)  with 
time  in  the  model  is 


=  G(f)  +  P(f)  .  (1) 

ot 

where /is  the  frequency,  G(f)  is  the  wind  source/dissi¬ 
pation  function,  and  Z^/)  is  the  change  in  S(/)  due  to 
convergence  or  divergence  of  the  energy  resulting  from 
swell  propagation. 

The  wind  source  function  is  a  modified  version  of  the 
Phillips’  resonance  theory  and  the  Miles’*  instability 
theory  based  on  the  work  of  Inoue.’  The  Phillips  res¬ 
onance  mechanism  causes  the  initial  wave  growth  from 
flat  seas  to  be  linear  with  time.  As  the  waves  grow  fur¬ 
ther,  the  Miles  instability  mechanism  begins  to  dominate 
and  the  waves  exhibit  exponential  growth  with  time.  The 
growth  is  slowed  as  the  wave  spectrum  approaches  the 
Pierson  and  Moskowitz'’  fully  developed  spectrum. 


which  serves  as  the  upper  limit  on  spectral  growth.  An 
exception  occurs  at  high  frequencies,  where  the  Kitaigo- 
rodskii’  spectrum  becomes  the  limiting  spectrum.  Spe¬ 
cifically,  the  equation  for  wave  growth  is 

■1' -(£)']■ 

where  A  is  the  resonance  term,  B  is  the  instability  term, 
and  is  the  limiting  spectrum.  Following  growth  of 
the  one-dimensional  spectrum  according  to  Equation  2, 
the  resulting  wave  energy  is  spread  over  a  range  of 
azimuths  that  is  centered  on  the  local  wind  direction  us¬ 
ing  an  empirical  function  of  wind  speed,  frequency,  and 
angle  relative  to  the  wind. 

Dissipation  of  energy  for  waves  traveling  against  the 
wind  is  accomplished  according  to  an  empirical  func¬ 
tion  of  the  wave  energy,  frequency,  and  angle  relative 
to  the  wind.  No  dissipation  occurs  for  waves  running 
with  the  wind.  A  downstream  propagation  algorithm  is 
used  to  advect  wave  energy  along  great  circular  paths 
at  the  frequency-dependent  group  velocity  for  deep-water 
waves.  The  technique  simulates  wave  dispersion  and  con¬ 
serves  wave  energy. 

THE  GSOWM  HINDCAST  FOR  LEWEX 

The  gsowm  hindcast  for  the  Labrador  Sea  Extreme 
Waves  Experiment  (LEWex)  was  accomplished  by  forc¬ 
ing  the  full  global  implementation  of  the  model  from 
an  initial  state  of  nearly  flat  seas  with  winds  obtained 
by  embedding  the  common  lewex  winds  into  the  ftsoc: 
global  winds.  The  lewex  winds  were  interpolated  in 
time  and  space  to  match  the  three-hour  time  step  and 
the  2.5°  resolution  of  the  gsowm.  The  hindcast  is  for 
the  period  9  through  18  March  1987.  Directional  wave 
energy  spectra  at  six-hour  intervals  were  produced  for 
further  processing  and  display. 
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COMPARISONS 

Wind  Speeds  and  Wave  Heights 

Time  series  of  significant  wave  heights  from  the  oper¬ 
ational  Gsow'M  forecast  made  at  fnoc,  the  gsowm  hind- 
cast,  and  the  Datawell  moored  Wavec  buoy  at  the  CFAV 
Quest  are  displayed  in  Figure  1 .  The  operational  gsowm 
wave  heights  are  larger  than  both  the  gsowm  hindcast 
and  the  buoy-observed  heights  during  two  high-wind 
events  on  16  and  18  March.  This  is  explained  by  the 
wind-speed  time-series  plots  of  Figure  2,  which  show  that 
the  operational  fnoc  wind  speeds  are  biased  high  com¬ 
pared  with  those  of  lewex.  Part  of  the  bias  here  may 
have  been  due  to  the  coarse  spatial  resolution  of  the 
operational  fnoc  winds  (2.5°  latitude/longitude  com¬ 


pared  vvi'i;  1.25°  latitude/longitude  for  the  lEwix 
winds). 

Time  series  of  wave  heights  and  wind  speeds  are  again 
displayed  in  Figures  3  and  4,  but  at  the  location  of 
HNLMS  Tydeman.  As  before,  the  operational  c;sowm 
wave  heights  and  fnoc  winds  are  biased  high  relative 
to  the  buoy  observations  and  the  lewex  winds.  Also, 
in  this  case  the  gsowm  hindcast  wave  heights  are  higher 
than  the  buoy  observations  during  the  period  16  to  18 
March.  This  is  not  an  unusual  occurrence.  Routine  com¬ 
parisons  of  gsowm  spectra  with  buoy  observations  in 
both  the  Atlantic  and  the  Pacific  Oceans  show  a  ten¬ 
dency  for  the  model  to  develop  too  much  energy  at  low 
frequencies,  resulting  in  higher  prediction  of  significant 
wave  height. 


Figure  1.  Time  series  of  significant  wave  height  at  the  Quest 
(50°N,  47.5°W)  from  the  operational  GSOWM  (solid  black),  the 
GSOWM  hindcast  (dashed  blue),  and  the  Datawell  moored 
Wavec  buoy  (dotl^  red). 


Figure  2.  Time  series  of  wind  speed  at  the  Quest  from  the 
operational  fnoc  winds  (solid  black)  and  the  common  lewex 
winds  (dashed  blue). 


Figure  3.  Time  series  of  significant  wave  height  at  the  Tyde¬ 
man  (50”N,  45”W)  from  the  operational  gsowm  (solid  black),  the 
GSOWM  hindcast  (dashed  blue),  and  the  Datawell  moored 
Wavec  buoy  (dotted  red). 


Figure  4.  Time  series  of  wind  speed  at  the  Tydeman  from  the 
operational  fnoc  winds  (solid  black)  and  the  common  lewex 
winds  (dashed  blue). 
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Directional  Wave  Energy  Spectra 

Comparisons  are  made  between  the  gsowm  hindcast 
and  a  hindcast  from  the  third-generation  wave  model 
(W’am'*).  Both  of  these  hindcasts  were  made  using  the 
same  winds  within  the  lewex  common  grid.  Available 
observations  from  the  moored  Wavec  buoy  and  ship  ra¬ 
dar  are  then  compared  with  the  predictions  of  both 
models.  Directional  wave  energy  spectra  from  these 
sources  at  the  location  of  the  Quest  for  five  different 
times  are  shown  in  Figure  5.  The  individually  normalized 
directional  spectra  are  plotted  in  polar  coordinates  with 
wave  number  increasing  from  the  center.  Compass  di¬ 
rections  in  the  following  discussion  refer  to  the  direc¬ 
tion  toward  which  the  waves  are  traveling. 

At  1200  UT  on  14  .Vlarch,  the  ship  radar  indicates  a 
NNW  wave  system  with  a  wavelength  of  200  m.  This 
agrees  more  closely  with  the  wam  hindcast  (wavelength 
of  200  m)  than  with  the  gsowm  hindcast  (wavelength 
of  250  m).  Both  models  are  building  a  wind  sea  in  re¬ 
sponse  to  the  local  wind  out  of  the  northeast  at  this  time. 
At  1200  UT  on  15  March,  the  Wavec  buoy  indicates  a 
NNW  wave  system  with  a  2(K)-m  wavelength.  The 
GSOWM  and  wam,  however,  both  show  a  SSE  wave  sys¬ 
tem  in  addition  to  the  NNW  system.  The  SSE  system 
dominates  in  gsowm,  whereas  the  NNW  dominates  in 
w'am.  At  1200  UT  on  16  March,  the  Wavec  buoy  indi¬ 
cates  a  SSW  primary  wave  system  and  a  NW  secondary 
system.  Both  the  gsowm  and  the  wam  show  S  wave  sys¬ 
tems,  but  the  wavelength  of  the  wam  system  agrees 
more  closely  with  the  buoy.  Gsowm  predicts  the  NW 
secondary  system  deterted  by  the  Wavec  buoy,  but  WAiVt 
does  not.  At  1800  UT  on  16  March,  both  gsowm  and 
WAM  show  dominant  S  wave  systems,  in  fair  agreement 
with  the  buoy  and  the  ship  radar  data.  However,  the 
GSOWM  also  has  two  secondary  systems,  one  NW  and 
the  other  NE.  At  1200  UT  on  18  March,  gsowm,  wam, 
the  Wavec  buoy,  and  the  ship  radar  are  all  in  good  agree¬ 
ment  and  show  a  NNE  system. 

Wave  Vectors 

Using  the  format  convention  and  display  of  Gerling 
(elsewhere  in  this  volume).  Figure  6  shows  the  direction 
and  magnitude  (vectors)  of  peak  wave  energy  as  a  func¬ 
tion  of  frequency /wavelength  (y-axis)  and  time  (x-axis) 
for  the  GSOWM  hindcast,  the  wam  hindcast,  and  the 
Wavec  buoy  at  the  Quest.  Several  well-defined  wave  sys¬ 
tems  are  evident  in  this  plot,  including  the  SSE  system 
on  12  to  14  March,  the  SW  system  on  13  to  14  March, 
the  NNW  system  on  14  to  15  March,  the  S  system  on 
15  to  18  March,  and  the  NNE  system  on  17  to  20  March. 
Agreement  between  the  two  wave  models  is  generally 
good,  although  the  wavelengths  of  the  gsow.m  wave  sys¬ 
tems  tend  to  be  greater  than  those  of  the  wa,m  and  the 
Wavec  buoy.  For  example,  the  wa.m  and  the  Wavec 
buoy  show  a  wavelength  of  180  m  for  the  S  wave  sys¬ 
tem  on  16  March,  while  the  gsow.m  shows  a  wavelength 
of  about  190  to  200  m  for  this  system,  which  is  consis¬ 
tent  with  the  tendency  for  gsow.m  to  place  too  much 
energy  at  low  frequencies. 

Close  scrutiny  of  Figure  6  points  out  some  other  inter¬ 
esting  differences  between  the  two  models  at  the  Quest. 


Ship  Radar  GSOWM  WAM 


Figure  5.  Directional  spectra  at  the  Quest  from  the  gsowm 
hindcast,  the  wam  hindcast,  the  Wavec  buoy,  and  the  ship  ra¬ 
dar  at  various  limes,  A.  1200  UT  on  14  March.  B.  1200  UT  on 
15  March.  C  1200  UT  on  16  March,  D.  1800  UT  on  16  March. 
E.  1200  UT  on  18  March  1987.  The  outer,  middle,  and  inner  con¬ 
centric  circles  correspond  to  wavelengths  of  100,  200,  and  400 
m,  respectively. 


For  example,  on  16  March  the  wam  develops  a  WSW 
wind  sea,  which  is  evident  in  the  Wavec  buoy  data  but 
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Rgure  6.  Wave  vectors  at  the  Quest  from  the  gsowm  hind- 
cast  (black),  the  wam  hindcast  (blue),  and  the  Wa^ec  buoy  (red), 
during  the  period  12  to  19  March  1987.  The  vectors  represent 
the  magnitude  and  direction  of  the  significant  peaks  in  the  direc¬ 
tional  wave  energy  spectra.  Data  are  smoothed  in  time  and  fre¬ 
quency  (courtesy  of  T.  Gerling). 


not  in  the  gsowm.  In  addition,  as  discussed  earlier,  the 
GSOWM  exhibits  a  NW  system  at  12(X)  UT  on  16  March 
that  is  verified  by  the  Wavec  data  but  not  shown  by  the 

WAM. 

The  genesis  of  the  16  March  NW  wave  system  at  the 
Quest  is  associated  with  a  low-pressure  system  off  the 
coast  of  North  Africa  several  days  earlier  (see  Fig.  7). 
It  takes  two  to  three  days  for  the  10  to  1 1  s  period  wave 
system  to  propagate  from  the  eastern  Atlantic  to  the  lo¬ 


cation  of  the  Quest  (see  Fig.  8).  Gsow.m  correctly  ac¬ 
counts  for  the  system  because,  unlike  wa.m,  which  did 
not  embed  the  lewex  common  winds  into  a  larger  field, 
GSOWM  encompasses  the  entire  North  Atlantic  and  uses 
the  FNOC  winds  outside  of  the  area  covered  by  the  lew 
EX  winds.  Note  that  the  United  Kindom  Meteorological 
Office  model  also  predicts  the  arrival  of  this  swell  at  the 
Quest  on  16  March  (see  the  article  by  Rider  and  Strat¬ 
ton  in  this  volume). 

SUMMARY 

The  GSOWM  is  a  first-generation  global  wave  model 
run  operationally  at  fnoc.  When  run  in  hindcast  mode 
and  forced  with  the  lewex  winds,  the  gsow.m  produces 
the  major  wave  systems  exhibited  by  the  third-generation 
wa,m  wave  model  and  measured  by  the  Wavec  buoy  and 
ship  radar  during  lewex.  Subtle  but  important  differ¬ 
ences  exist,  however,  between  gsowm  and  wa.m  predic¬ 
tions.  The  peak  frequency  of  the  gsowm  spectra  tend 
to  be  lower  than  those  of  the  wa.m  and  the  buoy  ob¬ 
servations,  a  characteristic  problem  with  the  model.  In 
one  instance  gsowm  fails  to  produce  a  wind-sea  system 
predicted  by  wa.m  and  verified  by  the  buoy  data.  The 
GSOWM  correctly  accounts  for  a  wave  system  originat¬ 
ing  from  a  storm  near  the  coast  of  North  Africa,  out¬ 
side  the  LEWEX  common  wind  field  domain. 

Although  not  conclusive,  the  lewex  data  set  suggests 
that  WAM  produces  more  accurate  predictions  than 
GSOWM,  a  result  that  is  expected  on  theoretical  grounds. 
In  any  case,  fnoc  has  implemented  and  is  testing  a  re- 


Figure  7.  Synoptic  weather  chart  at 
0(X)0  UT  on  14  March  1987  for  the 
North  Atlantic.  Contours  show  sur¬ 
face  pressure  with  a  4-mbar  contour 
interval.  Wind  barbs  indicate  surface 
winds  (winds  less  than  20  Kt  are  not 
displayed).  The  heavy  dashed  lines 
show  the  area  covered  by  the  lewex 
winds.  Winds  associated  with  the 
low-pressure  system  off  the  coast  of 
North  Africa  generate  a  NW  wave 
system,  which  is  observed  at  the 
Quest  severai  days  later. 
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Predictions  from  the  OSOHM  during  l.h  U  BX 
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Figure  8.  Output  from  the  gsowm 
hindcast  for  1200  UT  on  16  March 
1987.  The  contours  show  significant 
wave  height  with  a  3-ft  contour  inter¬ 
val,  The  vectors  represent  primary 
and  secondary  wave  directions.  The 
numbers  at  the  base  of  the  arrows 
are  primary  periods  in  seconds.  The 
heavy  dashed  lines  show  the  area 
covered  by  the  lewex  winds.  Note 
the  10  s  period  NW  wave  system 
propagating  toward  the  lewex  area 
from  a  region  of  generation  off  the 
coast  of  North  Africa. 


gional  version  of  the  wam  as  an  eventual  replacement 
for  the  operational  Mediterranean  Spectral  Ocean  Wave 
Model.’  Implementation  of  a  global  version  of  the 
WAM  is  planned  to  coincide  with  the  installation  of  a 
Class  VII  supercomputer  at  fncx:  in  the  near  future. 
This  model  will  run  on  a  1.25"  grid  with  15°  angular 
resolution  as  a  replacment  for  the  gsowm. 
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DIRECTIONAL  SPECTRA  FROM  THE  UKMO 
HINDCASTS  AND  THE  EFFECT  OF  SWELL  FROM 
OUTSIDE  THE  LEWEX  REGION 


A  series  of  hindcasts  was  made  using  the  United  Kingdom  Meteorological  Office  wave  model.  The 
effect  of  swell  from  outside  the  Labrador  Sea  Extreme  Waves  Experiment  (lewex)  region  was  shown 
to  be  negligible.  The  model  was  compared  with  measured  wave  height  data  and  with  spectra  from  other 
models.  It  is  not  obvious  which  are  the  more  accurate  spectral  estimates,  as  the  variation  between  mea¬ 
sured  spectra  can  be  as  large  as  that  between  models. 


INTRODUCTION 

Second-generation  wave  models  have  been  run  at  the 
United  Kingdom  Meteorological  Office  (UKMO)  since 
1976.  Early  versions  were  on  a  polar  stereographic 
grid. '  The  current  global  wave  model  is  a  second-gen¬ 
eration  latitude/longitude  model  that  became  operational 
in  July  1986.  Little  change  was  made  to  the  physics  of 
the  original  models  until  1987,  when  the  physics  subrou¬ 
tines  were  updated.  The  dissipation  term  given  by  Komen 
et  al.^  was  included,  and  the  rate  of  wave  growth  was 
adjusted  to  balance  the  dissipation  ,.rms  at  full  devel¬ 
opment.^ 

The  global  wave  model  is  run  twice  daily  to  provide 
five-day  forecasts.  The  model’s  grid  covers  the  entire 
globe,  except  for  the  extreme  northern  and  southern  lati¬ 
tudes,  with  a  resolution  of  1.5°  of  latitude  and  1.875° 
of  longitude,  but  the  model  can  easily  use  other  latitude/ 
longitude  grids  with  different  resolutions.  The  model 
holds  wave-energy  information  in  spectral  form  by  bin¬ 
ning  it  into  one  of  sbcteen  directions  and  thirteen  fre¬ 
quencies  at  each  point.  The  model  is  driven  by  surface 
wind  fields  extracted  from  the  ukmo  global  atmospheric 
model  and  has  wind  and  physics  time  steps  of  one  hour. 
For  the  Labrador  Sea  Extreme  Waves  Experiment 
(i.EWEX)  hindcast,  one-dimensional  spectra  were 
produced  every  six  hours  and  the  full  directional  spectra 
hourly  at  selected  grid  points. 

The  UKMo’s  contribution  to  lewex  consisted  of  wave 
spectra  from  two  hindcasts;  an  operational  hindcast  run 
using  the  independently  derived  ukmo  wind  fields  and 
a  dedicated  hindcast  run  using  the  specially  prepared 
lewex  common  winds.  The  common  winds  were  de¬ 
fined  on  a  small  fine-mesh  grid,  which  was  contained 
within  a  coarse-mesh  grid  covering  a  larger  area  (see  Fig. 
1).  The  resolutions  of  the  grids  are  given  in  Table  1. 

Three  additional  hindcasts  were  run  to  .see  whether 
the  lewex  coarse-mesh  grid,  used  in  the  dedicated  hind¬ 
cast,  covered  a  large  enough  area.  There  was  the  possi¬ 
bility  of  some  long-fetch  swell  propagating  into  the  area 
around  the  two  ship  positions  of  interest  (see  Fig.  1), 
from  the  more  eastern  and  southern  parts  of  the  North 


Figure  1.  Lewex  grid  areas.  The  blue  area  indicates  coarse- 
mesh  grid;  the  blue-gray  area  indicates  fine-mesh  grid.  T  is  the 
location  of  HNLMS  Tydeman  at  50.0' N  and  45.0°W,  and  Q  is 
the  location  of  CFAV  Quest  at  50.0'N  and  47.5°W. 


Atlantic  Ocean  not  covered  by  the  coarse-mesh  i  t.v\  t  x 
grid. 

Additionally,  the  i  r.wt  x  database  provided  an  oppor¬ 
tunity  to  verify  the  l'kmo  model  performance  in  the 
Labrador  area  against  buoy  measurements  of  wave 
heights  and  energy  spectra. 
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Table  2.  Summary  of  hindcasts  run  at  the  UKMO, 


Table  1.  Summary  of  grid  resolutions. 


Resolution  (deg) 

Lewex 

Ukmo 

Start 

Grid 

Latitude 

Longitude 

Hindcast 

grid 

grid 

field 

Lewex  coarse  mesh 

1.250 

2.500 

Ukmo 

— 

Global 

Nonzero 

Ukmo  coarse  mesh 

1.500 

1.875 

Common 

Fine  and 

— 

Zero 

Lewex  fine  mesh 

0.625 

1.250 

lewex 

coarse  mesh 

Control 

Fine  mesh 

Global 

Nonzero 

Fourth  run 

Fine  mesh 

Limited 

Nonzero 

HINDCASTS 

area 

The  first  UKtvto  model  run  for  lewex  used  wind  fields 

Fifth  run 

Fine  mesh 

Limited 

Zero 

from  the  ukmo  atmospheric  model  and  will  be  referred 
to  as  the  ukmo  hindcast.  The  second  model  run  used 

area 

the  LEWEX  common  winds  and  will  be  referred  to  as  the  fore  being  plotted,  each  spectrum  is  normalized  with  re¬ 
common  hindcast.  Table  2  summarizes  the  five  hind-  spect  to  its  peak  energy  value  in  k-space.  Therefore,  it 

casts,  which  differ  according  to  which  grid  or  grids  were  is  possible  for  two  spectra  with  similar  structures  in  fre- 

used  and  whether  the  initial  energy  start  field  was  zero.  quency-space  to  look  different  when  the  spectra  arc 

In  all  cases,  the  forcing  wind  fields  were  on  the  same  transformed  to  k-space,  normalized,  and  then  plotted, 

grid  as  the  wave  model,  and  a  great-circle  turning  term  For  example,  consider  the  two-dimensional  wave  num- 
was  included  in  all  coarse  grid  runs.  Each  hindcast  start-  ber  plots  in  Figure  2.  They  represent  output  from  two 
ed  at  1200  UT  on  9  March  1987.  different  hindcasts — the  ukmo  and  the  control — at  the 


The  UKMO  hindcast  was  run  on  the  ukmo  global  grid 
using  hourly  surface  winds  from  the  ukmo  global  at¬ 
mospheric  model.  The  hindcast  started  with  a  nonzero 
energy  start  field,  which  had  been  archived  from  another 
hindcast  not  connected  with  lew'ex.  Thus,  the  model 
was  fully  warmed  up  at  the  beginning  of  the  hindcast. 

The  second,  or  common,  hindcast  used  the  lewex 
fine-mesh  and  coarse-mesh  winds,  and  the  energy  start 
fields  for  both  grids  were  zero.  The  lewex  coarse-  and 
fine-mesh  two-hourly  wind  fields  were  interpolated  to 
one-hourly  values.  The  coarse  grid  provided  hourly 
boundary  values  for  the  fine-mesh  area. 

The  third,  or  control,  hindcast  was  made  in  a  similar 
way  to  the  common  hindcast  except  that  the  uK.vto  glob¬ 
al  grid  and  associated  winds  were  used.  The  ukmo  grid 
has  a  highei  resolution  than  the  lewex  coarse-mesh  grid 
(see  Table  1).  The  nonzero  energy  start  field  for  the 
UKMO  hindcast  was  used  to  initialize  the  ukmo  global 
grid  in  the  control  hindcast  and  was  interpolated  in  space 
onto  the  lew'EX  fine-tnesh  grid.  Effectively,  the  control 
run  was  a  global  hindcast  similar  to  the  ukmo  run  but 
with  a  small,  higher  resolution  grid  inserted  in  the  Lab¬ 
rador  Sea  area,  driven  by  the  common  lewex  winds. 

To  ensure  that  the  lewex  coarse-mesh  grid  covered 
an  area  large  enough  to  contain  all  the  significant  ad- 
vected  energy  systems,  a  fourth  hindcast  was  run,  and 
the  resulting  spectral  data  were  compared  with  those 
from  the  control  hindcast.  The  fourth  hindcast  was  run 
using  the  ukmo  winds  over  a  subsection  of  the  ukmo 
global  grid  equivalent  to  the  lewex  coarse  grid  starting 
from  a  nonzero  energy  field.  The  fifth  hindcast  was  a 
repeat  of  the  fourth  hindcast  but  started  from  a  zero 
energy  field  to  assess  the  time  required  to  warm  up  the 


same  time  and  location.  The  original  frequency  spectra 
were  quite  similar.  They  both  had  two  major  compo¬ 
nents,  namely,  a  component  coming  from  the  southwest 
and  a  weaker  component  coming  from  the  east.  The 
main  difference  between  them  was  that  the  spectru.m 
from  the  ukmo  hindcast  had  a  larger  energy  peak  in  the 
southwesterly  swell  component .  When  the  ukmo  spec¬ 
trum  is  transformed  to  k-space  and  plotted  in  the  stan¬ 
dard  way,  the  effect  of  normalizing  is  that  the  easterly 
swell  component  is  not  contoured  because  the  other  com¬ 
ponent  is  dominant.  Also,  this  southwesterly  component 
is  plotted  with  a  different  shape  compared  with  the  plot 
from  the  control  hindcast. 

Conclusions  about  the  wave  model  performance 
should  not  be  made  on  the  evidence  of  these  plots  alone, 
because  the  results  could  be  misleading. 

The  Effect  of  Swell  from  Outside  the 
LEWEX  Region 

The  results  of  the  control  hindcast  were  compared  with 
those  of  the  fourth  hindcast  by  finding  the  difference 
in  wave  height  at  the  ship  positions.  A  positive  difference 
indicated  more  energy  in  the  control  run.  Significant 
negative  differences,  0.12  m  for  a  control  wave  height 


model. 

PLOTTING  TWO-DIMENSIONAL 
WAVE  SPECTRA 

Before  proceeding  further,  it  is  important  to  discass 
the  method  used  to  plot  the  t.EWEX  spectral  data.  Be- 


Figure  2.  Two-dimensional  spectra  at  0300  UT  on  19  March 
at  the  Tydeman.  A.  Based  on  the  ukmo  hindcast.  Wind  speed 
is  5.8  m/s,  total  energy  is  0.30  and  significant  wave  height 
is  2.2  m.  B.  Based  on  the  control  hindcast.  Wind  speed  is  5.4 
m/s.  total  energy  is  0.28  m^,  and  significant  wave  height  is  2,1 
m.  The  plots  are  linear  in  wave  number,  with  the  outer  circle 
at  2jr/l00  rad/m. 
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of  3.19  m,  as  well  as  positive  differences  were  found. 
On  calculating  the  total  energy  over  the  whole  grid  for 
each  run,  the  fourth  hindcast  was  found  to  have  less 
energy  than  the  control. 

The  difference  in  distribution  of  energy  in  the  fine- 
mesh  grid  can  be  attributed  to  the  dependence  of  energy 
growth  and  dissipation  terms  on  the  total  amount  of 
energy  at  each  grid  point  at  the  beginning  of  a  time  step, 
and  to  a  slight  change  in  the  advection  calculation  intro¬ 
duced  by  the  difference  in  the  northernmost  latitude  of 
the  two  coarse  grids.  Once  a  difference  occurs,  it  can 
be  amplified.  Figure  3  shows  the  total  energy  on  13  and 
14  March  for  the  control,  fourth,  and  common  hind- 
casts.  The  difference  in  energy  of  the  common  hindcast 
is  due  to  the  difference  between  the  uk.vio  and  lewex 
wind  fields. 


Identifying  the  Source  of  the  Swell 

Figure  5  shows  a  North  Atlantic  chart  with  the  lkmo 
global  wind  analysis  for  (XXX)  U  f  on  14  March.  Just  off 
the  coast  of  North  Africa  was  a  small  storm  system  with 
southeasterly  winds  of  up  to  25  kt  on  its  northeast  Hank. 
Swell  generated  by  such  a  system  would  take  about  48 
hours  to  reach  the  lewex  ship  positions.  This  is  the 
most  likely  origin  of  the  extra  swell  seen  in  the  lkmo 
and  the  control  hindcasts,  since  the  generating  area  is 
outside  the  common  lewex  coarse-mesh  grid. 

Although  it  has  been  shown  that  swell  may  penetrate 
the  LEWEX  area,  the  greatest  difference  found  in  wave 
height  was  0.24  m  for  a  control  value  of  3.51  m;  there¬ 
fore,  the  effects  of  swell  from  outside  the  lewex  area 
are  not  important  for  this  study. 


COMPARING  SPECTRA 

Output  from  the  fourth  and  control  hindcasts  was 
used  to  look  for  differences  in  wave  heights  that  might 
indicate  swell  coming  from  outside  the  lewex  region. 
The  three  hourly  plots  of  two-dimensional  wave  spectra 
for  both  hindcasts  were  compared  at  the  ship  locations. 
Most  of  the  normalized  plots  for  each  hindcast  are  simi¬ 
lar,  but  some  exceptions  occur  early  on  16  March  (e.g., 
at  HNLMS  Tydeman  at  0300  UT). 

Figure  4A  shows  the  plot  of  the  spectral  data  from 
the  fourth  hindcast.  The  plot  is  bimodal  with  a  spread¬ 
ing,  southerly  wind-sea  component  and  a  northeasterly 
swell  component.  Figure  4B  shews  the  trimodal  plot  of 
the  sjtectri  data  from  the  control  run.  This  plot  is  similar 
to  the  plot  in  Figure  4A,  except  for  a  component  of  low- 
energy,  long-fetch  swell  coming  from  the  east.  The 
L/KMO  hindcast  also  has  a  trimodal  spectrum  on  16 
March,  which  demonstrates  that  the  extra  swell  compo¬ 
nent  is  not  attributable  to  the  use  of  the  lewex  fine- 
mesh  winds. 


13  Mar  14  Mar 


Figure  3.  Total  energy  values  for  the  L£W0<  grid  during  differ¬ 
ent  hindcasts.  Red,  common  hindcast;  black,  control  hindcast; 
blue,  fourth  hindcast. 
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Figure  4.  Two-dimensional  spectra  at  0300  UT  on  16  March 
at  the  Tydeman.  A.  Based  on  the  fourth  hindcast.  Wind  speed 
is  6.3  m/s,  total  energy  is  0.45  m^,  and  significant  wave  height 
is  2.7  m.  B.  Based  on  the  control  hindcast.  Wind  speed  is  6,3 
m/s,  total  energy  is  4.8  m^,  and  significant  wave  height  is  2.8 
m.  C.  Based  on  the  ukmo  hindcast.  Wind  speed  is  4.1  m/s,  to¬ 
tal  energy  is  0.33  m^,  and  significant  wave  height  is  2.3  m.  The 
plots  are  the  same  scale  as  in  Figure  2. 


Figure  5,  North  Atlantic  chart  with  ukmo  global  w'nds  at  0000 
UT  on  14  March.  (Standard  meteorological  convention  is  used; 
each  full  barb  is  10  kt,  half  barb  is  5  kt.)  The  location  of  the 
Tydeman  (T)  is  shown. 
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The  l-.I'tcct  ot  a  /cro  l  iiori>  Sian  I  ic!d 

B\  cv^nipann^’  the  tounJi  and  filih  hindvaxiN,  \i  is  (vi^ 
■>iblc  lo  estimate  ihe  time  needed  tor  the  i  kmh  ssa\e 
nuxlet  10  tisereome  the  etUMs  ot  startme  irsmi  a  zero 
Stan  field.  Kieurc  6  shows  tlvat  the  wave  heiehts  tram 
the  two  hindeasts  eivinereed  wuh  a  ditterenee  ol  less  than 
if!  m  hv  iMin  I  I  on  12  Mareh  at  C’l-  \\  Oi/esr.  frevm 
this  nnie  onward,  the  wave  hetehts  eoiiimus-d  to  ditter 
but  bv  no  mi>re  than  0  1  m,  eseept  between  12tX)  and 
!5tX)  I  T  on  16  March,  when  the  ditterenee  went  up  to 
0  2  m.  Thus  the  nivxlel  took  abvvui  "2  hours  to  warttt 
up.  and  0  1  m  is  the  wave  heieht  ditterenee  expected  be¬ 
tween  two  hindeasts  when  onlv  one  of  them  statts  with 
a  nonzero  enerev  start  held  Such  comparisons  provide 
a  useUii  yard'tiek  bv  which  tv>  assess  ditterenees  arisin-’ 
from  other  ef  kvts,  tor  example,  the  distant  swell  etleet 
discussed  above. 

\Vr>xc  Heights 

In  this  section,  the  integrated  wave  heigh'  -  Irom  the 
i  kxu)  and  the  common  1 1  wi  \  hindcastN  are  presented 
and  compared  wnh  measured  wave  heights.  No  measure¬ 
ments  were  available  until  1?  March,  at  which  time  the 
models  were  warmed  up  Manv  ot  the  measurements 
were  made  at  irregular  time  intervals  not  otten  coincident 
with  the  hourly  model  values,  so  no  direct  difference 
Statistics  were  calculated.  Time  series  of  wave  heights  for 
the  different  hindca,sts  and  the  measured  values  are  used 
to  make  the  comparisons. 

The  Quest,  f'lgure  7-\  shows  hiwv  the  wave  heights 
from  the  i  kxi')  hindcast  compare  with  measured  wave 
heights  at  the  Quest.  The  model  wave  heights  compare 
well  with  the  available  measurcxl  wave  heights  with  errors 
of  less  than  1.0  m.  except  on  I'  March,  when  the  model 
substantially  underestimates  an  observed  peak.  On  the 
whole,  the  wave  height  estimates  are  lower  than  the  mea¬ 
sured  values.  One  feature  of  the  model  wave  height  time 
series  is  a  wave  height  of  more  than  6.0  m  at  1800  L'T 
on  13  March,  but  there  arc  no  measured  values  against 
which  to  verify  this  estimate.  Also,  on  18  March  at  about 
0300  UT.  the  model  shows  a  peak  of  just  under  5.0  m. 
0,5  m  greater  than  the  measured  wave  height. 

Figure  7B  shows  the  model  vvavc  heights  from  the 
common  i  tw  i  \  hindcast  compared  with  the  measurco 
wave  heights.  The  model  wave  heights  are  not  uniformly 
improved  with  the  introduction  of  the  common  winds. 
The  peak  wave  event  on  13  March  is  reduced  to  5.0  m. 
more  than  1.0  m  lower  than  for  the  i  kxio  hindcast.  This 
reduction  is  caused  by  the  common  winds  being  weaker 
dose  to  the  ship  position,  although  the  i  Kxio  wind 
speeds  remain  steady  at  about  17  m/s  dose  to  the  ship. 
On  18  March,  the  i  F  vvrx  common  winds  around  the 
Quest  are  again  weaker  than  the  lkmo  winds,  and  so 
the  wave  height  at  the  peak  event  is  1 .0  m  lower.  0.5  m 
ItiS  than  the  measured  wave  height.  The  peak  cKcurs 
slightly  earlier  when  the  common  winds  are  used. 

From  1200  LT  on  15  March  to  18(X)  UT  on  16  March, 
the  wave  heights  are  a  better  fit  to  those  measured,  and 
the  drop  in  wave  height  on  1 7  March  is  not  repeated. 
From  0000  UT  on  18  Marcn  to  2100  UT  on  19  March, 
however,  the  mode!  wave  heights,  which  were  fairly  ac- 
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Figure  7.  Ukmo  model  'A-ave  heighis  and  measurements  irom 
me  Wavec  buoy  at  the  Quest  c  indicates  modei  data:  o  mdi 
cates  buoy  data  A  Based  on  the  ukmd  hmdcasi  B  Based  cn 
the  common  hindcast 


curate  compared  with  the  measured  values  in  the  i  kvto 
hindcast,  arc  underestimated  by  0,5  m  or  more  m  the 
common  hindcast. 

^he  Tydeman.  Figure  8A  shows  a  time  senes  ot  the 
wave  heights  from  the  t  kxin  hindcast  that  uses  i  kmh 
global  winds  and  measured  wave  heights  at  the  Tvrle- 
man.  The  i  kvirr  model  appears  to  underestimate  wave 
heights  by  about  0.5  m  for  most  of  the  penixl  when  mea¬ 
surements  are  available.  The  main  exception  lO  this  js 
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Figure  8.  Ukmo  model  wave  heights  and  measurements  from 
the  Wavescan  buoy  at  the  Tydeman.  a  indicates  model  data; 
O  indicates  buoy  data.  A,  Based  on  the  ukmo  hindcast.  B 
Based  on  the  common  lewex  hindcast. 


at  0300  UT  on  18  March,  when  the  ukmo  wave  height 
estimate  is  1.0  m  greater  than  the  measured  value.  A 
wave  height  peak  of  more  than  7.5  m  appears  at  1200 
UT  on  13  March,  but  cannot  be  substantiated. 

Figure  8B  shows  the  ukmo  model  wave  heights  from 
the  control  hindcast  run.  The  introduction  of  the  lewex 
winds  has  brought  the  model  wave  height  estimates 
slightly  closer  to  the  measurements  on  some  occasions, 
but  gives  a  worse  performance  on  others.  At  the  peak 
wave  height  event  on  18  March,  the  model  peak  occurs 
slightly  earlier  than  in  the  uk.mo  hindcast  and  has 
dropped  from  4.4  m  to  3.8  m,  due  to  the  weaker  com¬ 
mon  winds  at  this  time.  The  measured  wave  height  is 
even  lower.  At  1200  UT  on  13  .March,  the  common 
winds  at  and  around  the  Tydeman  are  slightly  weaker 
than  the  ukmo  winds,  and  the  model  w'ave  height  is 
reduced  by  about  3.0  m.  On  15  March,  the  ukmo  evo¬ 
lution  of  a  peak  and  subsequent  decay  matches  the  data 
better  than  does  the  evolution  of  wave  heights  in  the 
common  hindcast  results. 

COMPARISON  WITH  OTHER  MODELS 

The  spectral  estimates  from  the  ukmo  common  hind¬ 
cast  have  been  compared  with  those  from  some  of  the 
other  models.  The  agreement  is  good  in  most  cases,  with 
one  or  two  exceptions.  One  example  of  an  exception  oc¬ 
curred  on  13  March. 


Figure  9.  Two-dimensional  spectra  at  1200  UT  on  13  March 
at  the  Tydeman.  A.  ukmo  model  using  common  winds  B  wam 
model  using  common  winds  The  plots  are  the  same  scale  as 
in  Figure  2 


Figure  9A  shosvs  that  at  the  Tydeman  at  1200  UT  on 
13  .March  the  i  kmo  wave  model  estimates  a  very  well- 
developed  northeasterly  wind-sea  component.  Compared 
with  results  from  other  wave  models,  this  component 
is  more  developed  and  centered  at  a  lower  frequency. 
For  example.  Figure  9B  shows  the  w,\m  wave  model 
results.  (A  logarithmic  display  showing  the  behavior  of 
nine  different  models  at  this  lime  is  shown  in  Beal,  this 
volume.)  Furthermore  the  northwesterly  swell  compo¬ 
nent  seen  in  the  w  .\m  model  spectrum  does  not  appear 
in  the  ukmo  spectrum,  at  least  in  this  linear  display  of 
spectral  energy  density.  This  is  not  a  result  of  individual 
normalizing  of  spectral  plots.  The  swell  component,  seen 
in  both  model  spectra  at  1200  UT  on  12  March,  has  been 
dissipated  by  the  ukmo  model  by  1200  UT  on  13  March 
but  is  still  present  at  0000  UT  on  14  March  in  the  w  um 
model.  Unfortunately,  no  measurements  arc  available 
at  1200  UT  on  13  March,  except  those  made  by  the  air¬ 
craft  synthetic  aperture  radar,  which  showed  consider¬ 
able  variability  (see  Tilley,  this  volume). 

The  more  fully  developed  wind-sea  component  in  the 
UKMO  model  is  probably  a  result  of  faster  initial  growth 
of  a  developing  wind  sea.  This  is  a  feature  of  the  i  kmo 
wave  model,  which  has  growth  curves  more  like  the 
World  Meteorological  Organization  values,^  whereas 
the  w.\M  model  fits  the  Join’  North  Sea  Wave  Project 
growth  curve  for  duration-li  nited  growth.'  The  ikmo 
model  energy  dissipation  depends  on  properties  of  the 
wave  spectrum,  including  the  mean  frequency.  The  wind- 
sea  component  in  the  ukmo  spectrum  is  at  a  lower  fre¬ 
quency  than  in  the  wam  spectrum,  and  so  the  ukmo 
model  dis.sipates  the  northwesterly  swell  component  more 
quickly. 

SUMMARY  AND  CONCLUSIONS 

The  area  covered  by  the  coarse-mesh  i  t  w  t  x  grid  has 
been  shown  to  be  enough,  for  the  duration  of  the  ex¬ 
periment,  to  encompass  all  significant  swell  properly.  .Al¬ 
though  it  was  possible  for  long-fetch  swell  to  reach  the 
area  of  interest  around  the  ships  from  across  the  .Atlan¬ 
tic,  the  effects  from  storms  outside  the  1 1  w  i  \  grid  area 
were  not  significant  enough  to  invalidate  the  results  by 
using  the  common  winds. 

The  wave  heights  produced  by  the  t  kmo  hindcast  run 
with  the  I  KMO  global  vvinds  compare  well  with  the  mea¬ 
surements  that  are  available  for  the  period.  Most  of  the 
differences  can  probably  be  explained  by  instrumental 
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spread  in  the  measured  wave  heights  or  by  errors  in  the 
UKMO  wind  fields. 

Some  differences  exist  between  the  spectra  of  the 
UKMO  common  hindcast  and  spectra  from  other  model 
hindcasts  that  were  run  using  common  winds.  Some  are 
due  to  the  model  formulations  and  some  to  the  ways 
in  which  the  models  were  run  (e.g.,  with  initialized  or 
noninitialized  energy  fields).  It  is  not  obvious  which  spec¬ 
tra  are  better  estimates  of  the  truth,  even  with  measured 
spectra  available,  because  differences  between  instru¬ 
ments  are  as  great  as  differences  between  models. 

As  a  result  of  running  the  extra  three  hindcasts,  some 
interesting  features  of  the  ukmo  wave  model  were  dis¬ 
covered.  First,  when  two  different  sets  of  boundary 
values  are  entered  into  two  identical  limited-area  grids, 
as  in  the  control  and  fourth  hindcasts,  the  subsequent 
evolution  of  energy  density  at  grid  points  is  governed 
not  only  by  the  differences  at  the  boundary  but  also  by 
the  computational  processes  of  the  model.  Second,  dif¬ 
ferences  in  the  length  of  time  used  for  the  wave  model 
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warm  up  can  result  in  differences  in  wave  height  of  0. 1  m 
in  the  final  results.  Both  these  effects  are  small  when 
compared  with  the  difference  in  wave  height  between 
the  mode'  tun  using  the  ukmo  winds  and  the  run  using 
the  common  i  uwfx  winds. 


references 

'Ciotding.  U  W'.,  “A  W  ii^c  I'rcdiLiiun  S\sicni  Kt-al  time  Sea  Stale  t  enc 

vesting.'*  Quart.  J  A*  Metetfral  Soc  109.  4i6  ( ^ ) 

'Komen,  G.  J..  Hasselinann.  S.,  and  Hasst'lrnann.  K  .  “'Oii  ih.c 
ot  a  luUy  Developed  Wind  Sea  Speeiruin."  J  P'us.  Ckeuru/^r  14. 

<J9K4). 

’Kons,  C.  H  .  “  1  he  Opcruiional  Wave  Models,  Di>LuinL*niaiu)n  Paper  5  1." 
.-Vaiiablc  from  the  Meieorologieal  Olficc  I  ibrarv .  I.oodon  kt>ad,  lir acknei!, 
Berkshire  RCil2  2S/.  hngland. 

■‘XVorld  Meieorologwal  Organi/utjon,  “Guide  u>  Wave  .-Xiialvsis  and  lore 
eusling,'*  Chap.  3  m  WM()‘\o.  Seereiariai  i)!  ihe  VV  orld  Meteorolog 
ieal  Organi/aiion.  Geneva.  Swii/erland 

H^a^selma^n.  K..  Barneii.  T.  P..  Bouws.  L,.  Carlson.  H  .  Cartwrigln.  L)  h  , 
Cl  al..  ‘Aleasuremcnis  ot  Wind  Wave  Cjrowih  and  Swell  Dtvav  During  the 
Joint  North  Sea  \S'avc  Project  { JONSV^  .XPi.”  Petit  Jfuiroar  /.  Sup/>!. 
.l.vS(19T3). 


ANNE  GUILLAUME 


RESULTS  OBTAINED  WITH  THE  WAVE  MODEL 
VAG  DURING  LEWEX 


The  second-generation  wave  model  vAGwas  used  to  run  two  hindcasts:  one  using  the  common  winds 
from  the  Labrador  Sea  Extreme  Waves  Experiment  and  the  other  using  10-m  analyzed  winds  from  the 
European  Centre  for  Medium-Range  Weather  Forecasts.  The  resulting  significant  wave  heights  are  com¬ 
pared  with  buoy  observations.  From  the  decomposition  of  the  evolution  of  the  two-dimensional  spectra 
into  wave  trains,  the  behavior  of  the  model  is  analyzed  and  compared  with  the  observations  of  the  Wavescan 
buoy.  The  discrepancies  between  the  two  hindcasts  are  used  to  evaluate  the  impact  of  the  wind  errors. 


INTRODUCTION 

The  Labrador  Sea  Extreme  Waves  Experiment  (lew- 
EX),  by  the  quantity  and  the  quality  of  the  measurements 
produced,  provided  an  exceptional  opportunity  to  test 
a  new  wave  model  such  as  vag.  '  This  second-genera¬ 
tion  model  is  now  operational  at  the  French  Mawrologie 
Nationale  for  the  North  Atlantic  marine  forecasts.  For 
LEWEX,  a  higher  than  normal  spectral  resolution  and  a 
finer  grid  were  used. 

The  VAG  (from  vague,  meaning  wave  in  French) 
model  was  used  to  produce  two  hindcasts:  one  with 
LEw-EX  common  winds  and  the  other  with  10-m  analyzed 
winds  extracted  from  the  archives  of  the  European 
Centre  for  Medium-Range  Weather  Forecasts  (ECmwf). 
The  significant  wave  heights  from  both  hindcasts  were 
then  compared.  This  kind  of  comparison  has  been  used 
for  many  years  to  evaluate  the  accuracy  of  wave  models. 
Because  significant  wave  heights  can  now  be  observed 
worldwide  by  satellite  altimeters,  the  future  use  of  this 
parameter  in  wave  modeling  greatly  depends  on  the  re¬ 
sults  of  such  comparisons.  Such  results  also  are  essential 
to  estimate  the  operational  impact  of  more  sophisticated 
sensors,  such  as  spacebome  synthetic  aperture  radar. 
Based  on  comparisons  with  directional  information  col¬ 
lected  during  lewex,  the  potential  of  spacebome  al¬ 
timeters  is  evaluated  below. 

The  directional  behavior  of  vag  also  is  analyzed, 
based  on  the  decomposition  of  the  evolving  directional 
spectra  into  composite  wave  systems  (see  the  article  by 
Gerling  elsewhere  in  this  volume).  The  Gerling  diagrams 
are  further  interpreted  to  sununarize  the  particular  results 
from  vag. 

The  vag  model  is  based  on  the  energy  balance  equa¬ 
tion  for  deep-water  waves: 


SE/6t  +  ■  £  =  S  =  S,„  +  Sa,  +  S„,  ,  (1) 

where  £(/,  9,  x,  /),  the  directional  spectrum,  is  a  func¬ 
tion  of  time  (t),  frequency  (/),  direction  (9),  and  posi¬ 
tion  (x);  is  the  propagation  velocity  and,  in  deep  wa¬ 


ter,  depends  only  on  the  frequency  (/)  of  the  wave  (c, 
=  g/27r/,  where  g  is  the  acceleration  caused  by  gravity). 
The  source  term  S  takes  into  account  the  three  main  pro¬ 
cesses  involved  in  the  modification  of  the  energy  of  the 
deep-water  waves:  the  forcing  wind  fields,  S„ ,  the  dis¬ 
sipation  due  to  wave  breaking,  ,  and  the  nonlinear 
interactions  between  components,  S„  .  Following  the 
SWAMP^  terminology,  a  coupled  discrete  approach  is 
used  to  solve  Equation  1 .  For  the  lew  ex  analysis,  the 
spectral  function  £  is  made  discrete  as  follows:  the  an¬ 
gular  resolution  is  20°;  22  frequencies  range  from  0.04 
to  0.3  Hz,  with  an  increment  5///)  of  0. 1 ;  and  the  grid 
is  polar  stereographic  with  a  100-km  mesh  size  at  60°N. 
A  second-order  Lax-Wendroff  scheme,  in  a  version 
modified  by  Gadd,^  is  used  for  the  advection,  and  an 
explicit  first-order  scheme  is  used  for  the  integration  of 
the  source  term.  Following  Miles’  and  Phillips’  theories, 
linear  and  exponential  growths  are  parameterized  in  the 
wind  input  term.  The  dissipation  is  parameterized  by  us¬ 
ing  the  theoretical  results  of  Hasselmann,  ■*  as  adapted 
by  Golding.' 

To  match  the  operational  constraints  of  a  short  run¬ 
ning  time,  a  method  of  second-generation  modeling  is 
adopted  for  the  treatment  of  the  nonlinear  interactions. 
Once  the  growth  and  the  dissipation  are  computed,  the 
components  of  the  spectrum,  modified  by  the  nonlinear 
energy  transfers,  are  selected.  The  process  employed  is 
based  mainly  on  experimenttil  results'’  ’  and  is  expressly 
designed  for  the  model  to  respond  to  rapidly  changing 
wind  fields.  Nonlinear  transfers  are  not  computed  direct¬ 
ly  but  are  the  consequence  of  a  modification  of  the  shape 
of  the  spectrum  resulting  from  these  components.  A 
Joint  North  Sea  Wave  Project  (jonswaP)  spectrum  is  ad¬ 
justed  according  to 


£(/,9)  =  «r(27r)  y  ' 

X  exp[-1.25(///„)  'ly 'G(9  -  0)  ,  (2) 
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with 


J  =  exp(-(/- 4)V2a‘/;l  .  (3) 

G(0  -  (ji),  the  cosine-squared  spreading  function, 

-  2  cos‘(^  -  <^)/Tr 

for  -  -k/2  <  6  -  (j>  <  7r/2 
=  0  otherwise.  (4) 

The  value  of  a  is  set  to  0.08,  the  mean  value  observed 
during  jonswap;  fp  and  7  are  derived  from  the  value 
of  the  total  energy  of  the  selected  components;  and  a 
is  adjusted  to  keep  this  energy  unchanged. 

The  VAG  model  was  run  with  two  separate  wind  fields. 
Both  hindcasts  used  input  winds  referred  to  10-m  height. 
For  the  vag-lewex  hindcast,  the  10-m  wind  fields  were 
prepared  by  L.  Zambresky  at  ecmwf  from  the  20-m 
wind  fields  produced  by  V.  Cardone  of  Oceanweather 
using  a  6%  reduction  in  wind  magnitude  to  account  for 
the  difference  in  levels,  on  a  1°  x  1°  grid,  every  two 
hours.  For  the  vag-ecmwf  hindcast,  the  10-m  analyzed 
wind  fields  were  extracted  from  the  archives  of  ecmwf 
on  a  r  X  1°  grid  every  six  hours. 

COMPARISON  OF  THE  MODELS 

A  detailed  description  of  the  lewex  common  winds 
is  given  by  Cardone  elsewhere  in  this  volume,  and  a 
detailed  comparison  of  the  lewex  and  ecmwf  wind 
fields  is  given  by  Zambresky  elsewhere  in  this  volume. 
Here,  only  some  of  the  main  features  of  the  wind  fields 
at  the  locations  of  the  CFAV  Quest  and  HNLMS  Tyde- 
man  are  discussed.  At  the  Tydeman  (Fig.  1),  the  direc¬ 
tions  of  the  ecmwf  and  lewex  wind  fields  are  compara¬ 
ble  and  are  close  to  the  observed  value.  The  rapid  vari¬ 
ation  on  16  March  1987  at  0300  UT  is  well  reproduced, 
even  if  smoothed  in  amplitude.  Some  differences  in  wind 
speeds  are  appreciable:  smaller-scale  effects  with  rapid 
variations  are  smoothed,  and  the  two  models  overesti¬ 
mate  at  the  very  beginning  of  the  period.  At  the  Quest 
(Fig.  2),  the  two  models  disagree,  especially  at  the  be¬ 
ginning  of  the  period.  Unfortunately,  no  reliable  wind 
measurements  from  the  Quest  were  available. 

Significant  Wave  Heights 
At  the  Tydeman  (Fig.  3),  the  significant  wave  heights 
obtained  with  vag-lewex  and  vag-ecmwf  are  com¬ 
pared  with  the  measurements  of  the  Wavescan  buoy  (see 
the  article  by  Krogstad  elsewhere  in  this  volume).  At  the 
Quest  (Fig,  4),  they  are  compared  with  the  observations 
of  the  Wavec  buoy  (see  the  article  by  Keeley  elsewhere 
in  this  volume).  Both  hindcasts  show  close  agreement 
with  the  observations.  The  previously  mentioned  differ¬ 
ences  in  the  wind  fields  do  not  show  up.  Moreover,  at 
the  Quest  location,  where  the  winds  most  disagree,  the 
significant  wave  heights  are  the  closest. 
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March  1987 

Figure  1.  Wind  speed  and  direction  at  the  Tydeman  location 
(50*N,  A5°W).  Buoy  measurements  ( o),  vag-lewex  (black),  and 
VAG-ECMWF  (red), 


Directional  Spectra 

The  analysis  of  the  directional  spectra  presented  in  this 
section  is  based  on  the  work  of  T.  Gerling  (elsewhere 
in  this  volume)  but  uses  a  decomposition  of  wave  trains 
proposed  by  this  author  using  the  Gerling  diagrams.  The 
analysis  focuses  on  the  Tydeman  location  with  particu¬ 
lar  emphasis  on  directional  spectral  estimates  from  the 
Wavescan  buoy. 

Wavescan  Observations 

From  the  data  of  the  Wavescan  buoy  (Fig.  5),  sbt  ma¬ 
jor  wave  trains  are  apparent;  (1)  (blue)  until  17  March 
at  0300  UT,  a  south-southeasterly  wave  train  of  wave¬ 
length  ranging  from  200  to  100  m;  (2)  (red)  until  15 
March  at  0300  UT,  a  northeasterly  wave  train  of  1 25-m 
wavelength;  (3)  (black)  on  16  March  at  0300  UT  and 
17  March  at  03(X)  UT,  an  easterly  short  wind  sea;  (4) 
(green)  from  16  March  at  0300  UT  until  the  end  of  the 
period,  a  northerly  swell  around  l50-m  wavelength;  (5) 
(purple)  on  17  March,  a  southerly  wave  train  ranging 
from  100  to  150  m;  and  (6)  (orange)  on  18  March,  a 
south-southwesterly  swell  around  200-m  wavelength. 

The  VAG  Model  Results 

With  the  vag-lewex  hindcast  (Fig.  6),  only  the  north¬ 
easterly  wave  train  at  the  beginning  (wave  train  2)  is  not 
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March  1987 


Figure  2.  Wind  speed  and  direction  at  the  Quest  location 
(50°N,  47.5'’W).  Vag-lewex  (black),  and  vag-ecmwf  (red). 


seen.  However,  other  trains  are  apparent,  consisting 
mainly  of  residual  northwesterly  waves  at  the  beginning, 
and  of  southerly  waves  of  various  wavelengths  and  in¬ 
tensities  until  17  March  at  0300  UT.  With  vag-ecmwf 
(Fig.  7),  all  the  observed  wave  trains  are  produced,  but 
additional  ones  are  also  seen  including  residual  north- 
westerlies  and  southerlies,  the  latter  at  a  lower  intensity. 

We  now  give  a  more  precise  description  and  analysis 
of  the  model  results  for  each  observed  wave  train,  refer¬ 
ring  to  the  wave  vector  plots  of  Figures  5,  6,  and  7. 

(1)  Wave  train  1  (blue)  finishes  at  the  same  time  for 
both  VAG-LEWEX  and  vag-ecmwf  but  nine  hours  in  ad¬ 
vance  of  the  buoy  measurements.  The  wavelength  and 
the  wave  direction  evolutions  are  properly  modeled  by 
VAG-ECMWF:  a  SSE  initial  direction  changing  to  the  SE, 
with  the  wavelength  increasing  at  the  very  beginning  and 
decrea.sing  afterwards.  The  evolution  of  vag-lewex 
differs:  the  wave  train  seems  to  be  split  in  two,  both 


Figure  3.  Significant  wave  heights  at  the  Tydeman  location 
(50“N,  45°W).  Wavescan  observations  {□).  vag-lewex  (black), 
and  VAG-ECMWF  (red). 


Figure  4.  Significant  wave  heights  at  the  Quest  location  (50'N. 
47.5'W).  Wavec  obsen/ations  (□),  vag-lewex  (black),  and  vag- 
ECMWF  (red). 


south  and  southeast  waves  of  various  (and  somewhat 
erratic)  lengths  are  produced. 

(2)  Wave  train  2  (red)  is  not  produced  by  v  \ti  i  ew 
EX.  At  the  beginning,  vag-elmwe  agrees  with  the  ob¬ 
servations.  Later  on,  short  waves  of  low  intensity  persist. 

(3)  The  short,  mainly  ea.sterly.  waves  of  wave  train 
3  (black)  are  emphasized  in  both  hindcasts,  but  ihey  arc 
hardly  observed  by  the  W'avescan  buoy. 

(4)  Wave  train  4  (green)  arrives  at  the  same  time  for 
the  two  hindcasts  but  nine  hours  in  advance  of  the  buoy 
measurements,  showing  the  same  shift  in  time  as  for 
wave  train  1 .  Both  hindcasts  give  a  direction  and  an  evo¬ 
lution  of  direction  in  agreement  with  observations.  Both 
show  persisting  short  waves  at  the  end,  which  are  not 
observed.  Otherwise,  the  wavelengths  given  by  \  \(. 
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Figure  5.  Wave  vector  evolution  at  the  Tydeman  location  from 
the  Wavescan  obsenrations.  Six  wave  trains  are  identified  and 
numbered  as  follows;  1  (blue),  2  (red),  3  (black),  4  (green),  5  (pur¬ 
ple),  and  6  (orange).  Additional  wave  trains  are  shown  in  gray. 
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Figure  6.  Wave  vector  evolution  at  the  Tydeman  location  from 
the  VAG  hindcast  with  the  lewex  common  winds.  Five  of  the 
six  observed  wave  trains  (Fig.  5)  are  obtained;  1  (blue),  3  (black), 
4  (green),  5  (purple),  and  6  (orange).  Additional  wave  trains  are 
shown  in  gray. 
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Figure  7.  Wave  vector  evolution  at  the  Tydeman  location  from 
the  VAG  hindcast  with  the  ecmwf  winds.  All  of  the  six  obsenred 
wave  trains  (Fig.  5)  are  obtained;  1  (blue),  2  (red),  3  (black),  4 
(green),  5  (purple),  and  6  (orange).  Additional  wave  trains  are 
shown  in  gray. 


ECMWF  are  close  to  the  ob.servations;  for  va(,-i  ewex, 
they  are  longer  than  the  observation. 


Kesuhs  Obitiineil  mih  the  Wave  Model  t'AG  dunnn  LEtt  EX 

(5)  Wave  train  5  (purple)  shows  .southerly  waves  su¬ 
perimposed  on  the  existing  northerly  wave  field  (wave 
train  4).  The  arrival  times  are  the  same  for  the  two  hind- 
casts  and  agree  with  the  observ'ations.  The  measured  du¬ 
ration,  about  24  hours,  agrees  well  with  \  -vg-ec.mwe  but 
is  longer  than  v.ao-i.evvex.  In  both  cases,  the  models 
tend  to  split  the  wave  train  into  two  separate  wavelength 
regimes,  in  contrast  to  the  Wavescan  results. 

(6)  For  wave  train  6  (orange),  the  two  v.ag  runs 
agree  well  with  the  buoy  on  both  wave  direction  and  the 
evolution  of  this  direction,  from  SSW  initially,  then  turn¬ 
ing  slightly  to  SW.  However,  each  model  suggests  a  com¬ 
pletely  different  timing:  v.ag-i.ewe.\  arrii-^  first,  12 
hours  in  advance,  with  the  longest  wavelcii,i!ihs;  vag 
ecmwf  arrives  6  hours  later,  with  shoner  waves,  but  still 
longer  than  those  measured  by  the  buoy. 

DISCUSSION  OF  THE  RESULTS 

A  number  of  possible  explanations  exist  for  the  above 
discrepancies.  Errors  in  wave  modeling  are  usually  at¬ 
tributable  to  errors  in  either  the  input  winds  or  the  wave 
model  physics.  It  is  not  an  easy  task  to  decide  between 
the  tw'o.  Running  the  same  model  with  the  two  different 
wind  fields  results  in  some  valuable  information.  From 
the  analysis  of  the  differences  between  the  two  v.ag 
hindcasts  (which  are  entirely  due  to  wind  differences), 
it  is  possible  to  comprehend  the  nature  of  the  wave  dis¬ 
crepancies  expected  to  be  related  to  wind  differences.  In 
the  current  situation,  they  include  differences  concerning 
the  wavelengths,  as  shown  in  wave  train  4,  or  at  the  be¬ 
ginning  of  wave  train  6;  the  wave  train  timing,  as  for 
example,  the  arrival  time  of  w'ave  train  6  or  the  dura¬ 
tion  of  wave  train  5;  the  wave  intensity,  as  in  wave  trains 
4  and  5  on  17  March  at  03(X)  UT;  the  wave  train  struc¬ 
ture,  as  in  wave  train  1 ;  and  even  the  wave  train  occur¬ 
rence  in  the  case  of  wave  train  2,  w  hich  is  only  obtained 
with  vag-ec.mwf. 

Most  of  the  differences  between  the  v.ag  hindcasts 
and  the  Wavescan  measurements  fall  into  one  of  these 
categories  (there  are  even  larger  differences  between  the 
two  hindcasts  than  between  the  vag-ecmwf  hindcast 
and  the  Wavescan  observations).  The  only  possible  ex¬ 
ception  is  the  persistence  of  short  waves  at  the  end  of 
most  wave  trains,  suggesting  too  small  a  dissipation  of 
these  waves. 

These  many  examples  also  emphasize  the  sensitivity 
of  the  directional  spectrum  obtained  with  the  s  ag  model 
to  the  input  wind  field  and  to  its  spatial  structure  in 
regions  far  away  from  the  buoy  location. 

With  the  ecmwf  winds,  detailed  model  results  of  the 
Wavescan  observations  are  obtained  with  sag:  all  the 
wave  trains  are  modeled,  even  in  the  complex  situation 
on  16  March  at  03(X)  UT  when  the  wind  turns  and  swell 
is  superimposed.  These  improved  results  suggest  that 
most  of  the  discrepancies  obtained  with  the  v.ag-i  i-\\  e\ 
winds  are  likely  to  be  related  to  errors  in  the  wind  field. 

Nearly  equal  model  estimates  of  significant  wave 
height  can  thus  obscure  significantly  different  model  es¬ 
timates  of  the  directional  spectra.  For  example,  at  03(X) 
UT  on  16  March,  both  vag  hindcasts  and  the  Wave- 
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scan  buoy  produce  identical  wave  heights  (Fig.  3),  but 
the  buoy  gives  SSE  waves  only  (Fig.  5),  whereas  vag- 
lEWEX  shows  SSE  waves  together  with  longer  NW 
waves  of  comparable  intensity  (Fig.  6),  and  the  vag- 
ECMWF  model  yields  waves  in  two  different  directions, 
but  with  similar  wavelengths  (Fig.  7). 

CONCLUSIONS 

Results  of  two  hindcasts  from  the  second-generation 
wave  model  vag,  using  both  the  lewex  common  winds 
and  the  10-m-height  analyzed  winds  from  ecmwf,  have 
been  presented.  At  both  the  Quest  and  the  Tydeman, 
the  two  vag  hindcasts  produce  comparable  significant 
wave  heights,  in  agreement  with  the  buoy  observations. 

However,  an  analysis  of  the  evolution  of  the  direc¬ 
tional  spectra,  based  on  the  decomposition  of  wave  trains 
(see  Gerling,  this  volume),  demonstrates  that  comparable 
estimates  of  significant  wave  height  disguise  significantly 
different  model  estimates  of  the  directional  spectra. 

By  analyzing  the  differences  between  the  two  vag 
hindcasts,  we  can  better  understand  the  nature  of  the 
wave  discrepancies  to  be  expected  from  wind  errors. 
Such  discrepancies  include  differences  in  the  model  es¬ 
timates  of  the  wavelengths,  the  wave  intensity,  and  the 
timing  and  even  the  structure  of  a  wave  train.  These  var¬ 
ious  discrepancies  indicate  the  high  sensitivity  of  the  vag 
model  to  small  changes  in  the  input  wind  field. 


Most  of  the  discrepancies  between  the  v  ac,  model  and 
the  Wavescan  buoy  observations  can  thus  be  explained 
by  wind  field  errors,  except  perhaps  for  the  persistence 
of  short  waves  at  the  end  of  most  wave  trains.  The  like¬ 
ly  cause  here  is  an  improper  dissipation  of  these  waves, 
which  should  not  have  left  their  generation  area.  The 
discrepancies  are  most  pronounced  with  the  i  i-wex 
winds.  With  the  i-xmwf  winds,  detailed  agreement  with 
the  Wavescan  observations  is  obtained:  all  the  wave 
trains  are  modeled,  even  in  the  complex  situation  on  16 
March  at  0300  UT,  when  the  wind  turns  and  swell  is 
superimposed. 
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THE  NOAA  OCEAN  WAVE  MODEL  HINDCAST 
FOR  LEWEX 


Directional  wave  spectra  from  the  National  Oceanic  and  Atmospheric  Administration  (Noaa)  model 
hindcast  during  the  Labrador  Sea  Extreme  Waves  Experiment  are  discussed  in  detail.  The  hindcast  sig¬ 
nificant  wave  heights  and  spectra  are  found  to  be  in  reasonable  agreement  with  the  available  estimates 
from  two  moored  buoys.  The  noaa  spectra  exhibit  more  energy  at  high  frequencies  than  other  models, 
possibly  because  of  the  lack  of  a  proper  dissipation  term  for  whitecapping. 


INTRODUCTION 

The  National  Oceanic  and  Atmospheric  Administra¬ 
tion  (NOAA)  global  ocean  wave  model  has  been  operat¬ 
ing  at  the  National  Meteorological  Center  since  late  1985. 
It  is  a  second-generation  model  with  the  source  terms, 
directional  relaxation,  and  propagation  scheme  of 
Cardone’s  sail  ii  model.'  A  swell  attenuation  term 
similar  to  that  in  the  Ocean  Data  Gathering  Project 
(ODGP)  model  and  the  U.S.  Naw  Global  Spectral  Ocean 
Wave  Model  (gsowm)  was  added  in  September  1988  be¬ 
cause  the  operational  forecasts  produced  by  the  original 
model  showed  that  it  was  retaining  an  excessive  amount 
of  energy  in  the  swell  portion  of  the  spectrum. 

The  NOAA  model  provides  forecasts  of  the  direction¬ 
al  wave  spectra  up  to  72  h  in  the  future  at  3-h  intervals 
over  a  2.5'  x  2.5°  iatitude/longitude  grid.  Directional 
spectra  are  computed  in  fifteen  frequency  bands  of  vari¬ 
able  width,  with  the  first  band  centered  at  0.03889  Hz 
and  the  last  at  0.30833  Hz,  and  twenty-four  directional 
bands  of  equal  width.  Wave  growth  is  limited  by  the 
Pierson-Moskowitz  (PM)  fully  developed  spectrum  cor¬ 
responding  to  the  input  wind  speed  with  Mitsuyasu’s 
directional  spreading  function.^ 

The  operational  noaa  model,  with  the  swell  attenua¬ 
tion  term  included  and  no  changes  in  time  step  or  grid 
resolution,  was  used  for  the  Labrador  Sea  Extreme 
Waves  Experiment  (lewex)  hindcasts.  As  described  by 
Cardone  elsewhere  in  this  volume,  lewex  winds  were 
generated  using  a  subjective  blend  of  all  available  ship 
and  buoy  reports.  These  winds  were  provided  at  2-h  in¬ 
tervals  on  a  2.5°  x  2.5°  latitude/longitude  grid  over  the 
region  of  interest.  Hindcasts  were  done  over  this  enclosed 
region  with  the  winds  interpolated  to  the  model  3-h  time 
steps. 

The  noaa  wave  model  started  from  a  flat  sea  on  9 
March  1987  at  1200  UT.  Hindcasts  starting  72  h  later, 
from  12  March  at  1200  UT,  were  compared  with  the 
available  data  from  a  Norwegian  Wavescan  buoy  (see 
Krogstad,  this  volume)  at  the  location  of  HNLMS  Tyde- 
man  (50°N,  45°W),  and  a  Canadian-deployed  Wavec 
buoy  (see  Keeley,  this  volume)  at  the  CFAV  Quesl  lo¬ 


cation  (50°N,  47.5°W).  Each  ship  was  located  at  a  no.aa 
model  grid  point. 

SIGNIFICANT  WAVE  HEIGHT 

Figures  1  and  2  give  the  time  histories  of  analyzed 
wind  '■peed  and  direction,  and  hindcast  and  observed  sig¬ 
nificant  wave  height  //,  at  the  Tydeman  and  Quesl, 
respectively. 

In  general,  the  hindcast  made  at  the  Tydeman  agrees 
better  with  the  Wavescan  buoy  estimates  than  the  one 
at  the  Quest  agrees  with  the  Wavec  buoy.  On  15  March, 
the  wind  speed  at  the  Quest  increased  from  approximate¬ 
ly  2  m/s  to  about  10  m/s  and  then  decreased  rapidly, 
while  the  wind  direction  also  changed  rapidly.  The  buoy 
f/s  decreased  substantially  during  the  second  half  of  1 5 
March  and  into  16  March,  while  the  model  H, 
decreased  only  during  the  first  half  of  1 5  March  and  then 
remained  relatively  constant.  On  16  March,  the  wind 
speed  at  the  Quest  increased  from  about  4.5  m/s  to  more 
than  14  m/s  while  turning  by  almost  90°.  Although  the 
buoy  increased  sharply  during  this  time,  the  model 
//.,  remained  almost  constant,  suggesting  a  need  for  im¬ 
proving  the  directional  relaxation  mechanism  in  the 
model. 

During  18  March,  the  measured  wind  direction  was 
relatively  constant  toward  the  north,  while  the  wind 
speed  decreased.  Meanwhile,  the  buoy  H,  decreased 
more  rapidly  and  to  lower  values  than  those  of  the  mod¬ 
el,  suggesting  an  insufficient  dissipation  term  in  the 
model. 

DIRECTIONAL  SPECTRA  AT 
THE  TYDEMAN 

Buoy  data  were  not  available  at  the  Tydeman  until 
14  March  at  0600  UT.  Selected  directional  spectra  from 
the  model  and  the  buoy  are  shown  in  Figure  3. 

In  Figure  3A,  the  sea  toward  the  north  in  the  model 
spectrum  is  still  developing,  with  a  peak  period  of  9.7  s, 
in  fair  agreement  with  the  Wavescan  buoy  (Fig.  3B).  The 
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Figure  1,  Time  histories  at  the  Tydeman  from  9  March  through 
19  March.  A.  Wind  speed.  B.  Wind  direction.  C.  Significant  wave 
height.  A  and  B  are  lewex  common  winds;  C  is  the  noaa  model 
significant  wave  height  hindcast  (solid  line)  compared  to  Wave- 
scan  buoy  measurements  (solid  dots).  Wind  directions  are  posi¬ 
tive  clockwise  from  north. 


buoy  shows  an  energetic  system  traveling  toward  the 
west-southwest,  but  this  system  is  absent  in  the  model. 
In  contrast,  the  model  shows  a  wave  system  to  the 
south-southeast.  This  wave  system  can  be  traced  back 
to  swell  from  the  Labrador  Sea  and  was  present  in  the 
model  spectra  since  12  March  at  1200  UT. 

This  south-southeast-traveling  swell  was  generated  by 
strong  winds  over  the  Labrador  Sea.  Although  these 
winds  had  turned  toward  the  east,  a  wind  toward  the 
south-southeast  at  the  S5°N,  50°W  grid  point  contribut¬ 
ed  to  the  swell  at  the  Tydeman.  The  long  swell  was 
traveling  fa.ster  than  the  wind,  with  no  attenuation  in 
the  model  until  the  waves  were  propagating  more  than 
90°  from  the  local  wind  direction. 

The  development  of  the  sea  toward  the  north  in  the 
model  is  consistent  with  the  hindcast  winds  at  the  Tyde¬ 
man  producing  a  nearly  fully  developed  pm  spectrum. 
Figures  lA  and  IB  show  that  the  wind  speed  at  the  Tyde- 


Figure  2,  Same  as  Figure  1,  but  at  the  Quest.  C.  Solid  dots 
indicate  Wavec  buoy  measurements. 


man  during  12  March  increased  monotonically  from  less 
than  6  m/s  to  less  than  14  m/s,  with  constant  direction. 
On  13  March,  the  wind  speed  remained  steady  at  about 
15  m/s  but  began  to  turn  clockwise.  The  peak  period 
for  a  fully  developed  pm  spectrum  generated  by  a  con¬ 
stant  15-m/s  wind  is  10.9  s,  in  fair  agreement  with  the 
peak  period  of  9.7  s  shown  by  the  model  at  0600  UT 
on  14  March,  when  the  wind  speed  began  to  decrease. 
During  14  March,  the  local  wind  continued  turning 
clockwise  but  decreased  in  speed  to  10.5  m/s  at  12(X) 
UT  and  remained  relatively  constant  through  15  March. 

The  winds  in  the  Labrador  Sea  and  Davis  Strait  ceased 
blowing  toward  the  southea.st  at  1500  UT  on  12  March, 
decreased,  and  became  intermittent.  From  12(X)  UT, 
however,  weak  winds  toward  the  southeast  existed  in  the 
northern  Labrador  Sea,  and  they  increased  in  intensity 
and  extent  well  into  15  March.  On  15  March  at  1200 
UT,  a  new  Labrador  swell  arrived  at  the  Tydeman  with 
a  phase  speed  of  15.2  m/s,  con.sistent  with  a  travel  dis¬ 
tance  of  about  650  km  in  24  h.  Even  6  h  later,  however, 
when  this  new  swell  was  well  established  in  the  model 
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Figure  3.  Normalized  wave  number 
spectral  intercomparisons  at  the 
Tydeman.  Top  row;  nqaa  hindcast 
using  lewex  common  winds.  Bot¬ 
tom  row:  simultaneous  estimates 
from  Norwegian-deployed  Wavescan 
buoy.  Spectra  are  linear  in  wave  num¬ 
ber;  outer  circle  is  21/100  rad/m.  The 
arrows  indicate  wind  direction  and 
magnitude.  All  spectra  are  shown  in 
the  direction  of  propagation,  with 
north  toward  the  top. 


(Fig.  3C),  the  buoy  spectrum  (Fig.  3D)  showed  no  signs 
of  it,  although  the  buoy  did  show  a  system  to  the  north- 
northwest  with  substantial  angular  spreading.  It  is  not 
clear  whether  this  discrepancy  is  l^rom  shortcomings  in 
the  model  or  in  the  lew'ex  common  wind  field.  It  should 
be  noted,  however,  that  no  measurements  of  surface 
winds  w'ere  available  in  the  Labrador  Sea  to  guide  the 
common  wind  estimates  (see  Cardone,  this  volume). 

By  12(X)  UT  on  16  March,  the  new  swell  to  the  south- 
southeast  had  become  quite  energetic  in  the  model  spec¬ 
trum  (Fig.  3E).  The  buoy  spectrum  (Fig.  3F),  while  not 
in  good  agreement,  showed  two  strong  systems.  The  new 
swell  became  the  dominant  peak  in  the  model  spectrum 
at  1800  UT  on  16  March  (Fig.  3G),  with  a  wavelength 
at  the  peak  of  approximately  148  m,  in  good  agreement 
with  the  swell  toward  the  southeast  in  the  buoy  spec¬ 
trum  (Fig.  3H). 

The  1800  UT  model  spectrum  on  16  March  also  shows 
the  arrival  at  the  Tydeman  of  a  very  long  (500-m  wave¬ 
length)  swell  toward  the  northeast,  generated  by  a  strong 
wind  system  well  to  the  south-southwest.  The  Wavescan 
buoy  spectrum  does  not  show  this  swell  until  1800  UT 
on  17  March,  fully  24  h  later  than  the  model.  As 
Cardone  (this  volume)  and  Gerling  (this  volume)  discuss, 
this  timing  problem  may  be  caused  at  least  in  part  by 
errors  in  the  lewex  common  winds. 

With  the  local  wind  decreasing  and  turning  from  near¬ 
ly  west  toward  the  northeast,  the  swell  to  the  northeast 
becomes  sea,  and  by  1500  UT  on  17  March  (Fig.  31), 
it  is  the  only  wave  system  shown  in  the  model.  The  buoy 
(Fig.  3J)  continues  to  show  a  southerly  propagating 
system. 

DIRECTIONAL  SPECTRA  AT  THE  QUEST 

Wave  buoy  spectra  were  available  at  the  Quest  start¬ 
ing  at  0000  UT  on  15  March.  Selected  noaa  model  and 
buoy  spectra  are  shown  in  Figure  4.  At  0000  UT  the 
model  (Fig.  4A)  shows  a  sea  to  the  southwest  and  a  swell 
to  the  northwest.  The  buoy  spectrum  (Fig.  4B)  shows 
swell  only  to  the  north.  During  the  latter  part  of  15 
March,  the  noaa  model  turned  the  wind  sea  (wind- 
driven  sea)  counterclockwise  following  the  wind,  and  the 
wind  sea  coalesced  with  the  exi,sting  swell  toward  the 
south.  Both  model  and  buoy  retained  the  swell  to  the 


Figure  4.  Normalized  wave  number  spectral  intercomparisons 
at  the  Quest.  Top  row:  noaa  hindcast  using  lewex  common 
winds.  Bottom  row:  Canadian-deployed  Wavec  buoy.  See  Fig¬ 
ure  3  caption  for  more  details. 


north  during  15  March  and  most  of  16  March.  Early 
on  16  March,  the  buoy  began  to  show  a  young  sea  to¬ 
ward  the  south.  By  0300  UT,  the  model  (Fig.  4C)  and 
buoy  (Fig.  4D)  spectra  showed  a  dominant  wind  sea  to¬ 
ward  the  south. 

By  1800  UT  on  16  March,  the  model  showed  a  swell 
to  the  northeast  arriving  at  both  the  Quest  and  the  Tyde¬ 
man.  Buoy  spectra  were  not  collected  at  the  Quest  be¬ 
tween  0300  and  1200  UT  on  17  March,  but  by  18(X)  UT 
the  buoy  (Fig.  4F)  shows  this  swell  to  the  northeast  as 
a  strong  system.  The  model  (Fig.  4E)  has  attenuated  the 
system  to  the  south  almost  completely,  and  the  buoy, 
while  still  retaining  it,  shows  it  traveling  more  toward 
the  southwest. 

SUMMARY  AND  CONCLUSIONS 

Except  for  16  March  and  early  17  March,  the  model 
//,,  and  buoy  77,  are  in  good  agreement.  Apparently 
the  model  does  not  respond  well  to  rapidly  turning  winds 
increasing  in  speed.  This  problem  might  be  attributable 
to  inadequate  directional  relaxation.  Further  testing  is 
needed. 
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In  general,  the  noaa  spectra  agree  reasonably  well 
with  those  estimated  from  the  buoys  and  are  consistent 
with  the  hindcast  wind  patterns.  Discrepancies  between 
the  model  and  the  buoys,  as  described  above,  may  be 
caused  by  errors  in  the  hindcast  winds,  by  the  buoy 
reflecting  other  processes  such  as  swells  propagating 
from  outside  the  considered  region,  or  by  interactions 
with  the  Gulf  Stream  not  accounted  for  in  the  model. 

The  NOAA  model  appears  at  times  to  inadequately  ac¬ 
count  for  dissipation  of  wave  energy  from  whitecapping 


and  opposing  winds.  Improvement  in  these  areas  is  be¬ 
ing  considered. 
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AN  EVALUATION  OF  TWO  WAM  HINDCASTS 
FOR  LEWEX 


Two  wave  hindcasts  were  made  by  the  wam  model  during  the  Labrador  Sea  Extreme  Waves  Experi¬ 
ment  (LEw^x).  One  used  surface  wind  fields  from  the  European  Centre  for  Medium-Range  Weather  Fore¬ 
casts,  while  the  other  used  the  common  wind  fields  provided  as  part  of  lewex.  Both  sets  of  wind  fields 
were  evaluated  against  available  ship  observations,  and  the  two  wave  hindcasts  were  evaluated  with  in 
situ  wave  observations.  Although  each  set  of  wind  fields  was  of  reasonable  operational  quality,  the  resulting 
wave  hindcasts  were  markedly  different. 


INTRODUCTION 

Two  separate  wave  spectra  hindcasts  produced  by  the 
third-generation  ocean  wave  model  w.am  were  executed 
as  part  of  the  Labrador  Sea  Extreme  Waves  Experiment 
(LEWEX).  The  first  hindcast  used  operational-quality  sur¬ 
face  wind  fields  from  the  European  Centre  for  Medium- 
Range  Weather  Forecasts  (ECMwf);  the  second  used  spe¬ 
cially  prepared  common  (lewex)  winds  (see  Cardone, 
this  volume).  The  common  winds  were  provided  to  all 
wave  models  participating  in  lewex  to  separate  model 
performance  differences  from  model  input  differences. 
The  evaluation  of  wave  hindcasts  was  incomplete  with¬ 
out  also  having  some  knowledge  of  the  accuracy  of  the 
wind  fields;  an  analysis  of  both  sets  of  wind  fields  was 
made  with  available  ship  observations  of  surface  winds. 
A  correspondence  was  found  between  features  of  the 
wind  fields  and  components  of  modeled  wave  spectra. 

THE  WAM  MODEL 

At  ECMWF,  WAM  is  executed  four  times  daily  and 
computes  two-dimensional  ocean  wave  spectra,  £(/,  6; 
X,  t),  over  the  entire  globe,  where  /and  d  are  the  fre¬ 
quency  and  direction  of  the  waves  at  position  x  and  time 
t.  The  foundations  of  this  model  were  established  at  the 
Max-Planck-Institut  ftir  Meteorologie  in  Hamburg.''^ 
At  ECMWF,  work  has  been  carried  out  largely  by  an  in¬ 
ternational  group  of  wave  researchers  representing  insti¬ 
tutes  from  10  countries. 

The  WAM  model  implicitly  integrates  a  basic  transport 
equation  that  describes  the  evolution  of  the  two-di¬ 
mensional  wave  spectrum: 


—  +  VTCgf)  -  5in  +  Sni  -f  Sds  .  (I) 

The  left-hand  side  of  the  equation  describes  the  wave 
energy  E  propagating  at  the  group  velocity  The 
physical  proces.ses  affecting  the  wave  state  are  modeled 
by  the  three  source  terms  on  the  right-hand  side:  Sj„ 
represents  the  source  function  describing  the  transfer  of 


energy  from  wind  to  waves,  Sn]  represents  the  nonlinear 
transfer  due  to  resonant  four-wave  interactions,  and  Sj, 
is  the  dissipation  resulting  from  whitecapping  and  tur¬ 
bulence. 

For  the  lewex  hindcasts,  the  wam  model  was  imple¬ 
mented  on  a  1  °  X  1  °  spherical  grid.  The  wave  spectrum 
£(  /,  5)  (at  a  given  position  x  and  time  t)  is  divided  into 
26  frequency  bins;  the  center  frequencies  range  from  0.04 
to  0.42  Hz  on  a  logarithmic  scale  with  a  relative  frequen¬ 
cy  resolution  of  Af/f  =0.1,  and  12  directions  yield  30° 
angular  resolution.  Beyond  the  high-frequency  cutoff, 
an  empirical  parameterization  is  used.  Wave  propagation 
is  computed  by  a  first-order,  upwind,  finite-difference 
scheme. 

The  performance  of  the  wam  model  has  already  been 
evaluated  through  the  hindcasts  of  six  extratropical 
storms  on  the  northwest  European  shell ,  ^  three  hurri¬ 
canes  in  the  Gulf  of  Mexico,'  several  storms  in  the 
Mediterranean, “  and,  most  recently,  daily  verification 
at  ECMWF  of  the  global  version  in  near  real  time  using 
buoys  of  the  National  Oceanic  and  Atmospheric  Ad¬ 
ministration. - 

WIND  FIELDS 

Although  both  Oceanweather,  Inc.,  and  ecmwt  wind 
fields  are  of  high  operational  quality,  the  wave  fields 
produced  by  the  two  hindcasts  differed  significantly. 
Figures  lA  and  IB  compare  portions  of  the  wave  height 
fields  on  16  March  1987  at  1200  UT.  The  lewex  hind- 
cast  was  more  energetic,  having  a  maximum  significant 
wave  height  of  1 1  m  for  the  large  storm  system  to  the 
southwest  of  the  lewex  area,  whereas  the  highest  waves 
in  the  ecmwf  hindcast  were  only  7  m.  The  differences 
between  the  two  hindcasts  made  at  the  locations  of  the 
research  vessels  CFAV  Quest  (50.0° N,  47.5 °W)  and 
HNLMS  Tydeman  (50.0°N,  45.0°W)  were  only  minor, 
however. 

Since  the  wam  model  was  unchanged  for  the  two 
hindcasts,  the  differences  between  them  arose  from 
differences  in  the  forcing  wind  fields.  The  correspond- 
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Figure  1.  Wave  height  for  16  March  at  1200  UT.  The  wave- 
height  contours  are  in  meters,  and  the  arrows  point  in  the  mean 
wave  direction.  A.  lewex  waves.  8.  ecmwf  waves.  Q  and  T 
designate  the  Quest  and  Tydeman  positions,  respectively. 


ing  LEWEX  and  ecmwf  wind  fields  for  16  March  at  1200 
UT  may  be  seen  in  Figures  2A  and  2B.  Available  ship 
observations  of  winds  are  superimposed  on  the  wind 
fields  as  wind  barbs  in  knots.  The  lewex  winds  resulted 
in  a  more  highly  developed  storm  system,  with  a  large 
area  of  northwesterly  to  westerly  20-m/s  winds;  the 
ECMWF  winds  were  lower,  on  the  average,  at  16  m/s. 
Just  to  the  southwest  of  the  Quest  and  the  Tydeman, 
however,  the  ecmwf  wind  field  contained  higher 
.southeasterlies  (16  m/s)  than  did  the  lewex  wind  field 
(12  m/s). 

The  differences  in  the  wind  field  structure  directly  af¬ 
fected  the  components  of  the  modeled  wave  spectra  in 
the  lewex  observing  area.  Since  a  wave  model  cannot 
be  evaluated  properly  without  considering  its  input  wind 
fields,  both  sets  of  wind  fields  were  verified  by  using 
available  ship  wind  observations. 

Because  ship  wind  observations  themselves  contain  sig¬ 
nificant  error,  their  usefulness  is  sometimes  questioned. 
At  ECMW't ,  the  root-mean-square  (rms)  ship  observation 


West  longitude  (deg) 


Figure  2.  Wind  fields  for  16  March  at  1200  UT.  The  wind-speed 
contours  are  in  meters  per  second,  and  the  arrows  point  in  the 
wind  direction.  The  ship  observations  are  plotted  as  wind  barbs 
in  knots.  A.  lewex  winds.  B.  ecmwf  winds. 


error  (including  instrument  error,  human  error,  and  ship 
motion)  is  estimated  at  3.6  m/s  per  component  in  the 
North  Atlantic,  giving  a  vector  rms  wind  error  of  about 
5  m/s.  The  vector  rms  error  of  the  ecmwf  wind  fields 
for  the  LEWEX  period  was  close  to  5  m/s,  so  it  can  hard¬ 
ly  be  improved. 

Using  the  hindsight  gained  by  the  wave  hindcasts,  the 
wind  fields  were  compared  to  ship  observations  by  divid¬ 
ing  the  LEWEX  geographical  grid  into  three  regions.  At 
the  Quest  and  the  Tydeman,  the  wave  spectra  contained 
components  generally  from  the  northwe.st,  the  southwest, 
and  the  southeast,  as  well  as  a  component  of  locally  gen¬ 
erated  wind  sea.  Unfortunately,  no  ship  ob.servations 
were  made  in  the  Labrador  Basin  (50°-60°\V  and 
50°-60°N),  so  no  analysis  was  possible  there.  Therefore, 
the  three  areas  chosen  were  the  following,  defined  by 
the  lower  left-hand  and  upper  right-hand  corners  of  cadt 
region;  the  southwest  (30°N,  80°\V  and  48°N,  48°\V); 
the  southeast  (35°N.  and  55”N.  ,30nV);  and  for 
locally  generated  wind  sea,  the  near  field  (40°  N,  55 °W 


168 


it  ;  t. 


and  55^N,  35''\\  ).  in  the  southwest  area,  (he  aseraec 
number  of  ohsenanons  available  during  a  six-hour  uucr 
\al  was  60.  but  m  both  the  southeast  and  the  neat  field, 
the  average  was  onl>  25. 

Southwesi  ,\rea 

The  genesis,  growth,  and  deeav  ot  a  naxieraieK  large 
storm  system  CKCurred  in  the  southwest  area.  The  storm 
system  intluenced  wave  spectra  observations  at  the  Ouesi 
and  the  Tydeman  in  the  form  of  long  period  south 
westerly  swell  that  arrived  during  the  latter  part  i>f  1 1  vv 
[\.  This  storm  was  a  major  factor  m  all  uukIcI  hindcasis 
and  was  iiandled  in  a  substantiallv  difterent  fastnon  bv 
each  of  the  two  sets  of  wind  fields. 

The  vviiid  bias  statistics  for  the  southwest  area  are  pre¬ 
sented  in  Figures  3.-\  and  3B.  The  vector  rms  biases  lor 
f-tMWi  versus  ships  were  substantiallv  lower  than  they 
were  for  the  it  wt  \  common  winds  versus  ships.  Hie 
mean  bias  showed  the  n  vvix  common  winds  to  *s.- 
higher  than  those  of  the  ships,  especially  on  15  March, 
whereas  the  m  mwi  winds  were  slightlv  lower,  f  he  scat¬ 
ter  index  (time  series  not  presented),  defined  as  the  veccor 
rms  divided  by  the  mean  wind  speed,  was  on  the  average 
about  75T0  for  the  common  winds,  whereas  for  it  xiwi, 
it  was  about  50®'o.  Thus,  we  may  conclude  that  for  the 
common  i  tovtx  wind  field  hindcasi,  estimates  of  wave 
spectra  at  the  Quest  and  Tydeman  bv  an  unbiased  wave 
model  should  show  an  early  and  overdeveloped  arrival 
of  southwesterly  swell  during  the  latter  part  of  1  i-wi 
Conversely,  for  the  tcxiwr  hindcast,  the  arrival  of 
southwesterly  swell  should  be  slightly  underestimated. 

Southeast  Area 

The  wind  bias  statistics  for  the  southeast  area  are  pre¬ 
sented  in  Figures  4A  and  4B.  Differences  be'ween  the  two 
wind  fields  were  not  as  great  as  in  the  southwest,  but  the 
common  winds  generally  had  the  higher  biases,  as  can 
be  seen  particularly  in  the  mean  bias.  On  12  and  i.l 
March,  the  i,r-vvEX  common  w  inds  were  biased  unusually 
high,  but  on  15  March,  the  southeasterly  flow  was  under¬ 
predicted.  Curiously,  this  underprediclion  happened  at  the 
same  time  as  the  overprediction  in  the  southwest.  The 
mean  bias  for  the  tCMvvf  winds  hovered  consistently 
around  zero.  This  analysis  indicates  that  between  14  and 
17  March,  the  southeasterly  swell  generated  by  an  unbi¬ 
ased  wave  mode!  driven  by  the  irwi  x  common  winds 
would  be  too  weak,  whereas  for  the  rcxivvi  hindca>t,  it 
should  be  reasonably  we!!  estimated. 

.Nea''-Field  Area 

Figures  5.A  and  5B  present  the  vvmd  bias  uatisiics  for 
the  area  in  the  immediate  vicinity  of  the  chips.  This  area 
is  the  source  of  iocaJiy  generated  wind  sea  and  is  referred 
to  as  the  near  field.  The  vector  rms  differences  were  onlv 
slightly  higher  for  the  common  winds.  The  mean  bias 
for  both  wind  fields  was  close  to  zero,  so  no  significant 
difference  existed  between  the  ship  winds  and  those  o! 
either  wind  field.  Between  14  Marv.h  and  16  March,  how¬ 
ever,  the  1 1  wi-x  common  winds  were  biased  high  in  the 
southwest  and  low  in  the  southeast,  as  shown  in  figures 
.3B  and  4B.  These  opposite  biases  tended  10  cancel  one 
another  in  the  overall  bias  of  the  near  field  The  large 
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Figure  3.  'Asno  Dias  statistics  'ui  tfie  soo!f'.»sc-s!  aiea  A  Hoci 
mean. square  Dias  m  tne  Aino  vecio.'  B  Wean  Dias  i.n  ’.he  aic.-j 
speeo  Tt’-e  black  cuwes  reo'eser.!  tcs'i'o  wnas  rnmus  sh  p 
Winds,  and  the  ced  -curres  repre-sen!  .  rv.r*  conifron  wi'ids  rr,- 
nus  Ship  Winds 


Figure  4,  Wind  bias  sianstics  for  the  southeast  area  A  Root 
mean  saua.re  bias  m  the  wind  vector  B  Mean  bias  m  the  wind 
speed  The  black  cunves  'epresent  er.Mvvc  winds  minus  ship 
winds,  and  the  red  curves  represent  _£'/.■£»  common  wmds  mi. 
nus  ship  winds 
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Figure  5.  Wind  b‘as  statistics  tor  tne  near-fieid  area  sur'ound 
mg  the  Quest  and  the  Tydeman  A  Root-mean  saua-e  bias  m 
the  Wind  -vector  8  Mean  bias  m  t.he  wmd  speed  the  biacx 
cun.-es  represent  rcv’vvs  -winds  rr  .nus  ship  vvinris,  and  tn.5  red 
curves  represent  i.FvVE<  commo  1  winds  minus  ship  w>r>ds 
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jumps  in  the  vector  rms  biases  in  both  wind  fields  on 
17  March  were  caused  by  outlying  observations  near 
shore  and  were  of  no  consequence. 

WAVE-HEIGHT  FIELDS  AND  SPECTRA 

With  a  better  understanding  of  the  wind  fields  and 
their  effect  on  individual  components  of  wave  spectra, 
some  of  the  features  of  the  two  vv.-\m  hindcasts  can  be 
interpreted  more  easily.  Wave-height  time  series,  both 
modeled  and  observed,  are  shown  in  Figure  6A  at  the 
Tydeman  and  in  Figure  6B  at  the  Quest.  A  summary 
of  wave  height  bias  statistics,  averaged  over  the  entire 
interval  for  which  buoy  observations  were  available,  is 
presented  in  Table  1.  In  Figure  6,  the  Norwegian  Wave- 
scan  buoy  observations  are  from  Krogstad,'’  the  Dutch 
W'avec  observations  are  from  Datawell  bv,  the  Dutch 
Delft  observations  are  from  Ooms,'*  and  the  Canadian 
Endeco  observations  are  from  a  report  of  the  David  W, 
Taylor  Naval  Ship  Research  and  Development  Center.'' 

•At  the  beginning  of  the  experiment  on  13  .March,  the 
significant  wave  height  from  the  common  t.i wt-x  wind 
field  hindcast  was  substantially  higher  than  that  from 
the  ECMWF  hindcast.  Unfortunately,  no  wave  height  ob¬ 
servations  were  made,  so  we  do  not  know  which  hindcast 
is  more  correct.  During  that  early  period,  however,  the 
i-EWEX  common  wind  field  biases  were  large  and  positive 
nearly  everywhere  (Figs.  3-5),  so  the  wave  heights  from 
those  winds  were  probably  too  high.  Between  14  March 
and  16  March,  the  wave  heights  from  the  ecmwf  hind¬ 
cast  were  in  better  agreement  with  the  observations, 
probably  because  the  southeasterly  flow  was  better  esti¬ 
mated.  For  the  remainder  of  the  experiment,  the  wave 
heights  from  the  common  lewex  wind  hindcast  were  in 
remarkable  agreement  with  observations. 

Interesting  differences  between  the  two  w.x,m  spectral 
hindcasts  occurred  between  16  March  at  (XX)0  UT  and 
17  .March  at  12(X)  UT.  Four  sets  of  spectra  from  the  two 
w'A.vf  model  hindcasts  are  shown  in  Figure  7,  along  with 
the  associated  Wavescan  buoy  spectra.  In  general,  the 
w.<v.vi  model  spectra  were  broader  than  those  from  the 
Wavescan  buoy,  reflecting  the  coarse  30°  angular  reso¬ 
lution  of  the  model. 

On  16  March  at  0000  UT  (Fig.  7A),  the  Wavescan 
spectrum  showed  a  unimodal  southeasterly  component 
(from  the  southeast,  toward  the  nonhwest).  The  Ft  viwF 
spectrum  was  bimodal,  with  a  dominant  southerly  com¬ 
ponent  in  rough  agreement  with  the  Wavescan  and  a 
weak  northwesterly  component  not  observed  by  the 
Wavescan.  The  i  fwex  spectrum  was  bimodal.  with  a 
weak  southerly  component  and  a  dominant  northwester¬ 
ly  component  in  complete  disagreement  with  the  Wave¬ 
scan.  For  a  period  of  12  hours  from  15  March  at  2100 
UT  until  16  March  at  0900  UT,  the  i  fwfx  hindcast 
spectra  were  nearly  unimodal  with  northwesterly  swell. 
During  the  same  period,  the  Wavescan  spectra  were  also 
nearly  unimodal,  but  vvith  a  southeasterly  component, 
so  the  1  EvvEX  hindcast  spectra  differed  from  the  ob¬ 
served  spectra  by  nearly  180°.  The  iXMw  t  hindcast  dur¬ 
ing  this  same  period  had  a  dominant  southeasterly  com¬ 
ponent,  although  a  weaker  level  of  northwesterly  swell 


Table  1,  Wam  hindcast  statistics  from  Wavescan  ouoy  esii 
mates  of  wave  height  at  the  Tydeman,  14  March  at  0600  UT  to 
19  March  at  1200  UT 


Hindcast  statistic 

Wam  hindcast 
with  Et  siwt 
wind- 

W  am  hindcast 
with  iiwix 
winds 

.Average  bias  (in) 

0.51 

0,!8 

Root-mean-squarc 
bias  (m) 

0.66 

0.37 

.Scatter  iticlex 

0.20 

0.11 

Correlation 

coefficient 

0,8T 

0,15 

Note;  Rnulii,  are  given  as  hindcast  estimates  nitims  buoy  csiimaics 


13  14  15  16  17  18  19 

March  1907 


Figure  6.  Modeled  and  observed  significant  wave  neighis 
A  Tydeman.  B.  Quest  The  black  curves  reoresent  the  ECMwi- 
hindcast.  and  the  red  curves  represent  the  lEvve*  hmdeast  The 
symbols  designate  the  following  buoy  observations  •  Wave' 
scan:  Wavec  c.  Delft,  c,  Endeco 


was  also  present.  The  differences  between  hindcasts  dur¬ 
ing  this  time  support  the  earlier  conclusion  regarding  bi¬ 
ases  in  the  southeasterly  winds;  that  is.  the  itvvix 
souiheasicrhcs  were  underestimated,  and  the  kmwi 
southeastcrlies  were  reasonably  correct. 

On  16  .March  at  1200  l.T  (l  ie,  TB).  both  the  U  avc- 
scan  and  the  tt  \iwt  spectra  present  opposing  wave  sys¬ 
tems.  I'he  nonhwcsterly  contponems  were  tri  gtxKl  agree¬ 
ment  in  peak  wave  number  and  direction,  but  the 
southeasterly  component  of  the  it  Mwi  siX'drum  lacked 
the  double  peaked  structure  evident  in  the  Wavescan 
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Figure  7.  Corripanso-i  of  normal- 
i?e<3  vvAM  specffa  tor  ecmvvf  iiops  and 
cEvvEx  jmiodle)  kvma  fields  iVith  ob¬ 
served  Wavescan  buoy  spectra  (boi 
tom)  at  tbe  T^cleman.  A  16  March  at 
0000  UT  B  16  March  a!  1200  UT  C 
17  March  at  0600  UT.  0  17  March  at 
1200  UT  The  spectra  are  shown  m  a 
linear  wave  number  format,  with  cai 
ibration  circles  at  2ir'400  m,  2x1200  m. 
and  2ir.'l00  m  Wave  energy  is  shown 
in  the  direction  oi  propagation 


spectrum  and  was  more  northerly  by  about  45°.  The 
LEWEX  spectrum  was  unimodal,  having  only  the  north- 
westerly  component.  The  peak  wave  direction  was  in 
good  agreement  with  the  Wavescan,  but  the  peak  wave¬ 
length  was  too  long. 

On  17  March  at  0600  UT  (Fig.  7C),  the  ec  mwi  hind- 
cast  had  a  strong  southerly  wind  sea  and  a  weak  north¬ 
erly  component,  whereas  the  i  ewe.x  hindcast  was  dom¬ 
inated  entirely  by  long-period  southwesterly  swell,  and  the 
Wavescan  had  only  northwesterly  swell.  Thus,  although 
the  wave-height  estimate  from  the  i.ewfx  hindcast  was 
in  remarkable  agreement  with  observ'ations  made  on  1 7 
March  at  0600  UT  (see  Fig.  6A),  the  modeled  wave  direc¬ 
tion  differed  from  the  Wavescan  by  135°.  At  the  Tyde- 
man,  the  lewex  hindcast  first  showed  the  arrival  of  long- 
period  southwesterly  wave  energy  on  16  March  at  2100 
UT,  a  full  24  hours  ahead  of  the  arrival  observed  by  the 
Wavescan.  The  ecmwf  hindca.st  had  this  southwesterly 
energy  arriving  only  three  hours  early,  which  was  half 
the  six-hour  lime  step  of  the  ecmwf  winds.  The  hindcast 
spectra  thus  reflected  the  previously  identified  biases  in 
the  development  of  the  storm  to  the  southwest  by  each 
of  the  two  wind  fields. 

On  17  March  at  12(X)  UT,  the  W'avcscan  observed  a 
bimodal  spectrum  with  the  two  components  nearly  180° 
apart,  with  the  northerly  component  dominant.  The 
ECMWE  hindcast  came  closer  to  reproducing  this  situa¬ 
tion,  as  it  also  .showed  a  bimtxial  spectrum,  but  with  only 
a  weak  nonherly  component.  The  t  ifwEX  spectrum  was 
unimodal,  with  all  the  energy  in  long-period  southwester¬ 
ly  swell,  completely  unobserved  by  the  Wavescan.  Both 
model  hindcasts,  then,  had  insufficient  energy  coming 
from  the  north.  Although  the  estimate  of  wave  height 
for  the  i  EWEX  hindcast  was  excellent  (Fig.  6A),  the  wave 
energy  came  entirely  from  the  wrong  generating  area. 


SUMMARY  AND  CONCLUSIONS 

Two  hindcasts  were  made  by  the  w  \m  nuxici  m  sup¬ 
port  of  it  wLx,  one  using  wind  fields  from  f  <  mwi  and 
the  other  using  i  i  wi  \  common  wind  fields.  The  model¬ 
ed  wave  heights  and  spectra  were  compared  with  in  situ 
buoy  observations,  and  the  mtsdelcd  wind  fields  were 
compared  with  ship  wind  observations. 

.-Xlthough  the  spectra  for  the  u  wi  \  hindcast  at  times 
differed  significantly  from  those  of  the  Wavescan,  the 
wave  height  estimates  were  clearly  more  accurate  than 
those  from  the  f-cmwi  hindcast.  Significant  wasc  height, 
however,  does  not  necessarily  pros  idc  a  reliable  measure 
of  skill  for  a  wave  model,  because  it  is  an  integrated  (to¬ 
tal  energs  )  parameter.  Different  coni[X)nenis  of  the  wave 
spectrum  may  be  simultaneously  under-  and  ovcrprcdict- 
cd  in  a  fashion  that  only  coincidentally  leads  to  the  cor¬ 
rect  total  wave  energy.  In  summary,  the  kmwi  hind¬ 
cast  was  more  successful  than  the  li  wtx  hindcast  in 
reproducing  indis  idual  components  of  the  observed  wave 
spectra,  esen  though  it  performed  less  well  in  estimating 
total  significant  ssave  height. 

■A  clear  correlation  existed  bclssccn  biases  in  the  svind 
fields  estimated  from  ship  obserx  ations  and  the  under¬ 
and  ovcrprcdiction  of  wave  components  by  the  two  hind¬ 
casts.  The  wind-wave  model  system  must  be  considered 
as  a  whole  because  the  wave  model  is  highly  sensitive 
to  the  wind  fields  driving  it.  The  difficulty  ot  specifying 
wind  fields  correctly  for  operational  wave  forecasting  is 
again  revealed  hy  it  wt  x. 

Identifying  specific  problems  in  w  \\i  mode!  physics 
is  difficult  in  an  area  of  such  complex  geogiaphy  and 
meteorology.  One  observation  can  be  made,  howescr. 
that  WAN!  spectra  were  often  broader  in  frequency  and 
direction  than  Wavescan  spectra. 


f  .  Zambresky 
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WILLIAM  PERRIE  and  BECHARA  TOULANY 


DIRECTIONAL  SPECTRA  FROM  THE  BIO  HINDCAST 
DURING  LEWEX:  THE  WAVE-ICE  INTERACTION 


During  the  Labrador  Sea  Extreme  W'aves  Experiment,  a  careful  accounting  of  the  ice  edge  was  made, 
a  hindcast  was  done  in  four  overlapping  runs  between  9  and  19  March  1987,  and  the  ice  edge  was  updat¬ 
ed  at  the  beginning  of  each  run.  When  the  ice  edge  is  included  in  the  hindcast,  the  wave  heights  and 
ihe  directions  of  the  spectral  peak  may  differ  appreciably  from  those  in  the  ice-free  situation. 


INTRODUCTION 

Activities  on  the  Grand  Banks  and  off  the  coast  of 
Labrador  during  the  winter  and  spring  months  are  sig¬ 
nificantly  constrciined  by  the  presence  of  ice.  The  distri¬ 
bution  and  ice  extent  can  be  highly  variable  from  year 
to  year  and  even  from  day  to  day.  At  its  extreme,  the 
ice  edge  covers  regions  north  of  the  Labrador  Sea  and 
the  entire  Grand  Banks,  and  extends  as  far  south  as  the 
Nova  Scotian  coast.  The  median  extent  to  which  the  ice 
reaches  is  48°N.  On  the  northern  side  of  the  Grand 
Banks,  ice  comes  to  within  40  km  of  Hibernia  about  ev¬ 
ery  other  year.  In  addition  to  interannual  variability, 
short-term  and  local  changes  caused  by  winds  and  cur¬ 
rents  can  move  the  ice  edge  as  much  as  100  km  in  a  sin¬ 
gle  day.  Ice  behavior  on  these  short  time  scales  is  not 
clearly  understood.  The  ice  varies  up  to  about  1  m  in 
thickness,  and  is  a  mosaic  of  complexity  in  composition. 

On  a  time  scale  of  days,  the  ice  edge  and  the  ice  dis¬ 
tribution  within  the  marginal  ice  zone  change  in  response 
to  wave,  current,  and  wind  forces.  In  comparison  with 
the  ice-free  situation,  the  nonlinear  transfer  of  energy 
from  wave-wave  interactions  among  surface  gravity 
waves  is  altered  by  the  presence  of  a  distribution  of  ice 
floes  and  the  associated  scattering  of  waves  by  ice.  Wind 
input  into  the  energy  spectrum  of  the  waves,  the  plane¬ 
tary  boundary  layer,'  and  wind  stress,  as  well  as  dis¬ 
sipative  mechanisms  such  as  wave  breaking,  are  also 
altered. 

A  multiyear  study  (the  Labrador  Ice  Margin  Experi¬ 
ment')  of  the  Labrador/Grand  Banks  ice  margin  dy¬ 
namics  began  in  1987.  In  its  first  phase,  the  study  coin¬ 
cided  with  the  Labrador  Sea  Extreme  Waves  Experiment 
(LEWEX),  resulting  in  a  basic  data  set  that  included  (X'ean 
currents,  ice  velocity,  aerial  photographs,  wave-induced 
motion,  ice-surface  properties,  and  synthetic  aperture  ra¬ 
dar  imagery  for  estimating  the  energy  and  momentum 
coupling  between  waves  and  ice  in  the  marginal  ice  zone. 

Pre.sent  wave  models  are  limited  by  how  well  they  rep¬ 
resent  the  dominating  physical  processes:  the  input  of 
energy  caused  by  wind  forcing,  the  nonlinear  transfer  be¬ 
tween  spectral  components  as  a  result  of  wave-wave  in¬ 
teractions,  the  dissipation  of  energy  in  wave  breaking  and 
whitecap  formation,  and  the  propagation  of  energy  at  the 
wave  group  velocity.  The  manner  in  which  these  processes 


balance  and  combine  with  one  another  is  discussed  bs 
Kiiaigorodskii,'  Komen  et  al.,'  Phillips,'  and  others.  An 
e.xact  computation  of  the  complete  Boltzmann  integral 
for  the  nonlinear  transfer,  as  derived  by  Hassclmann,'' 
is  not  possible  for  any  but  the  simplest  two-dimensional 
wave  situations.  Second-generation  models  express  the  ef¬ 
fects  of  nonlinear  transfer  on  the  evolution  of  the  spec¬ 
trum  in  terms  of  a  small  number  of  degrees  of  freedom. 
The  models  depend  on  the  spcx'iral  growth  with  fetch  as 
inferred  in  the  Joint  North  Sea  Wave  Project  study  of 
Hassclmann  el  aJ.,  Donelan  et  al.,"  IXibson  cl  al.,'*  and 
others.  For  the  simple  wave  fields  for  which  they  are 
calibrated,  these  models  generally  perform  well,  but  they 
do  not  have  enough  degrees  of  f  reedom  to  accurately  de¬ 
scribe  complicated  wind  situations,  as  considered  in  the 
Sea  Wave  Modeling  Project  isw..vmpi  study." 

The  complete  set  of  interaction  configurations.  allowtxJ 
to  nonlinearly  transfer,  is  replaced  by  a  small  subset  of 
these  interaction  configurations  in  the  third-generefion 
w.A.M  wave  models."  The  subset  is  assumed  to  be  in¬ 
dependent  of  the  spetnraJ  energy  functional  form  and  con¬ 
stitutes  the  discrete  interaction  appro.ximation.  It  is  also 
assumed  to  be  a  basis  set,  representative  of  nonlinear 
transfers  involving  other  parts  of  the  interaction  config¬ 
uration  space. 

Later  we  will  dc.scribe  the  procedures  for  preparing 
both  the  wind  field  and  the  ice  state  during  i  ew  e\.  The 
forcing  winds  are  those  constructed  for  the  North  ,4l- 
lantic  by  Cardone  (this  volume).  Ice  information  is  from 
the  Canadian  Atmospheric  Environmental  Service  Ice 
Forecasting  Centre.  We  computed  the  resultant  wave 
field  as  height  contours  over  the  hindcast  area  and  as 
two-dimensional  wave  spectra  at  the  CFAV  Quest  and 
HNLMS  Tydeman. 

WIND  FIELDS  AND  THE  ICE  EDGE 

The  wind  fields  use  a  finc-mesh  grid  from  .^8.75°N 
to  52.5°N  and  from  42,5^W  to  75.0°^’.  with  increments 
of  0.625“  in  latitude  and  1.25“  in  longitude,  embedded 
within  a  coarse-mesh  grid  extending  from  25 “N  to 
67.5°N  and  from  20°W  to  the  coast  of  North  .America 
(80°W).  Rather  than  nest  grids  in  the  w  \m  model,  we 
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performed  the  hindcast  on  the  fine-mesh  grid  for  the  en¬ 
tire  area  extending  from  25°N  to  67.5°N  and  from  20“%' 
to  the  coast  of  North  America.  The  wind  field  for  this 
area  was  created  by  taking  the  fine-rncsh  Cardone  winds 
over  the  fine-mesh  grid.  Coarse-mesh  winds  were  inter¬ 
polated  linearly  to  give  a  fine-mesh  wind  field  for  the 
complete  area  extending  from  25°N  to  67.5°N  and  from 
20°^'  to  the  coast  of  North  America.  Thus,  we  hind- 
casted  the  entire  area  using  these  fine-mesh  winds. 

Using  the  wvvsi  model,  we  first  did  the  hindcast  from 
9  March  at  1200  UT  to  19  March  at  1200  UT,  with  no 
consideration  for  the  ice  edge,  to  give  a  baseline  for  com¬ 
parison  with  ice-edge  effects.  Observations  of  >  lO'f'o  ice 
cover  are  shown  in  Figure  1 .  A  second  hindcast  was  done 
in  four  overlapping  runs,  each  beginning  and  ending  at 
1200  UT:  9  to  13  March,  12  to  16  March,  15  to  18 
March,  and  17  to  19  March.  The  first  24-hour  interval 
of  each  run  was  regarded  as  model  warm-up  time  and 
discarded.  At  the  beginning  of  each  run,  the  ice  edge 
was  updated  and  treated  the  same  as  the  land  boundary. 

MODEL  RESULTS 

Time  series  of  significant  wave  height  (//,)  and  mean 
frequency  (f)  at  the  Quest  and  the  Tydeman  are  present¬ 
ed  in  Figure  2.  Figure  3  shows  significant  wave  heights 
in  each  frequency  bin  at  the  Tydeman  for  each  of  the 
LEWEX  wave  systems.  From  the  point  of  view  of 
wave-ice  modeling,  lewex  consists  of  three  phases. 

During  the  first  days  of  the  experiment  until  about  13 
March,  the  winds  are  northwesterly  from  the  Davis  Strait 
and  are  associated  with  the  formation  of  the  ice  tongue 
stretching  to  the  southeast  from  Newfoundland.  Ice  in 
the  Davis  Strait  shortens  the  effective  fetch  acro,ss  the 
Labrador  Sea,  resulting  in  a  reduced  //,  and  increased 
/  relative  to  when  the  ice  is  ignored.  On  12-13  March, 
the  reduction  in  //,  is  about  25%  and  concerns  locally 
generated  200-  to  400-m  waves,  as  shown  in  Figure  3. 

From  13  March  until  ab-^'it  16  March,  the  intermedi¬ 
ate  phase,  the  dominating  winds  vary  from  northeaster- 
lies  to  easterlies  to  southerlies,  and  are  toward  the  ice 
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Figure  1.  Time  evolution  of  the  ice  edge  bounding  ?  10%  ice 
cover  in  the  vicinity  of  lewex,  between  8  and  18  March  1987. 


as  seen  from  the  Quest  and  Tedeman.  The  icc  has  no 
effect  on  the  hindcasi  wave  height. 
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Figure  2.  Time  senes  at  the  Quest  and  the  Tydeman  A  Sig¬ 
nificant  wave  height  at  the  Quest  B  Significant  wave 
height  at  the  Tydeman.  C  Mean  frequency  if )  af  the  Quest  D 
Mean  frequency  a’  the  Tydeman  A  black  curve  means  the  ice 
edge  is  modeled,  a  colored  cuwe  means  it  is  not 
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Figure  3.  Time  series  at  the  Tydeman  for  significant  wave 
height  Wj  and  the  mean  direction  in  each  frequency  bm  A  The 
ice  edge  is  modeled  B  The  ice  edge  is  not  modeled 
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During  the  final  phase  of  i  twEX  from  16  March  on- 
ward,  the  dominating  winds  are  from  the  southwest,  over 
the  ice  tongue  stretching  southeast  from  New  foundland 
and  now  receding  toward  the  Gulf  of  St.  Lawrence.  .»\n 
intense  cyclone  is  centered  at  about  40°N  and  55°W  (cf., 
Gerling,  Fig.  7,  this  volume),  with  swell  and  winds  prop- 
agating  through  and  over  the  ice  tongue,  panicularly  on 

17  March.  Thereafter,  the  winds  and  seas  sub,side.  Lo¬ 
cally  generated  waves  have  reduced  energy  for  150-  to 
300-m  waves  from  the  southwest  on  17-18  March  owing 
to  reduced  fetch,  as  shown  in  Figure  3A,  compared  with 
the  ice-free  situation  in  Figure  3B. 

The  moored  Wavescan  buoy  is  described  by  Krogstad 
(this  volume).  During  the  third  phase  of  the  e.xperiment, 
from  about  1200  UT  on  16  March  and  later,  the  buoy 
tends  to  favor  results  obtained  ignoring  the  ice  edge  rath¬ 
er  than  those  obtained  when  a  careful  accounting  is  made 
of  the  ice  distribution.  This  is  perhaps  accidental,  because 
during  the  second  phase,  when  the  ice  has  little  influence 
on  model  estimations,  the  buoy  is  not  consistently  close 
to  the  models.  Alternatively,  modeling  of  the  ice  edge 
at  20%  coverage  rather  than  10%,  as  we  have  done,  may 
improve  the  comparison  of  buoy  to  model. 

Updating  the  ice  edge  on  12,  15,  and  17  March  at  1200 
UT  gives  discontinuities  in  the  time  series  on  13,  16,  and 

18  March  at  1200  UT  because  of  the  sudden  change  in 
model  prediction.  This  is  evident  in  the  plots  of  H,  and 
/  in  Figures  2A  and  B.  The  discontinuity  at  1200  UT 
on  16  March  occurs  because  the  24-hour  warm-up  peri¬ 
od  is  not  long  enough  for  the  spectra  to  blend  in  with 
the  previous  overlapping  run.  Thus,  as  shown  in  Figures 
3A  and  B,  the  mean  waves  travel  in  the  same  direction 
but  are  shifted  to  higher  frequencies.  This  discontinuity 
is  inevitable  with  the  short  overlapping  runs  of  the  study. 
Had  the  ice  edge  been  continuously  modeled,  the  prob¬ 
lem  would  have  been  avoided.  Similar  discontinuities  oc¬ 
curred  on  13  and  18  March  at  1200  UT. 

The  effect  of  the  ice  is  felt  in  frequencies  correspond¬ 
ing  to  locally  generated  waves.  Figures  4 A  and  B  com¬ 
pare  the  two-dimensional  spectral  estimates  at  the  Tyde- 
man  on  13  March  during  a  three-hour  interval  when  the 
ice  edge  is  modeled  and  when  it  is  ignored.  The  spectral 
peak  is  at  150°E  (from  degrees  true)  in  either  situation. 
In  the  latter,  swell  from  the  previous  wind  direction  is 
enhanced  owing  to  an  overestimated  fetch.  Therefore, 
although  both  peaks  are  at  120°W  and  northeasterly 
winds  dominate  by  0600  UT,  the  spectral  peak  first 
makes  the  transition  from  150°E  to  120°W  when  the 
ice  edge  is  modeled.  For  a  short  period,  the  difference 
in  direction  of  the  spectral  peak  is  90°. 

Computed  //,  contours  for  the  entire  hindcast  region 
in  Figures  5a  and  B  give  information  for  regions  other 
than  the  positions  occupied  by  the  Quest  and  Tydeman. 
Ice  reduces  the  effective  fetch  for  northwesterlies  rela¬ 
tive  to  the  situation  when  ice  is  ignored,  as  in  Figures 
2 A  and  B. 

CONCLUSION 

Except  for  positions  c)o.se  to  the  ice  distribution, 
duration-limited  surface  gravity  waves  have  been  shown 


Dinxliiinui  Spearj  linit!  ihc  HtO  I IiniU  <i-ii  ilunny.  i  J  II  t  \ 


Figure  4.  Compansons  of  two-dimensional  spectra  at  the  Tyde- 
man  on  13  March,  A  The  ice  edge  is  modeled  B  The  ice  edge 
is  not  modeled.  The  yellow  color  indicates  high  spectral  energy 
density 


Figure  5.  Contours  of  (in  meters)  on  13  March  at  CXXX)  UT 
A  The  ice  edge  is  modeled,  B  The  ice  edge  is  not  modeled 
The  ice  in  A  and  the  land  boundary  in  B  are  indicated  by  the 
heavy  line. 
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to  have  essentially  the  same  growth  as  in  ice-free 
waters. Possibly  our  most  restrictive  assumptions 
are  that  (1)  no  accounting  is  made  of  low-frequency  spec¬ 
tral  energy  that  could  be  transmitted  through  bands  of 
ice,  such  as  the  ice  tongue  stretching  to  the  southeast 
from  Newfoundland:  (2)  the  ice  floes  can  scatter  wave 
energy  but  cannot  drift;  and  (3)  whereas  the  ice  distri¬ 
bution  is  a  mosaic  of  complexity,  we  modeled  it  simply 
as  a  solid  boundary. 

At  the  Quest  and  Tydeman,  the  ice  (1)  reduced  the 
effective  fetch  in  the  early  days  of  ttwex,  (2)  provided 
sheltering  later  in  the  experiment,  and  (3)  was  felt  in  fre¬ 
quencies  corresponding  to  locally  generated  waves. 

This  work  could  be  extended  to  an  analysis  of  Geo- 
sat  altimeter  data  to  compare  its  //,  contours  with 
those  computed  here.  The  data  set  for  t.twb.x  remains 
significant  for  the  investigation  of  data  assimilation  and 
model  physics. 
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THE  APPLICATION  OF  NASA’S  THIRD-GENERATION 
WAVE  MODEL  TO  LEWEX 


The  NASA  version  of  the  third-generation  wave  model  conia'ns  modifications  affecting  both  the  horizon¬ 
tal  advection  scheme  and  the  dissipation  term.  Results  are  presented  both  for  idealized  fetch-limited  wave 
growth  and  for  the  more  realistic  conditions  of  the  Labrador  Sea  E.xtreme  Waves  Experiment.  The  nasa 
model  contains  stronger  dissipation  at  higher  frequencies  and  weaker  dissipation  at  lower  frequencies, 
thereby  inhibiting  wave  growth  from  direct  wind  input  while  allowing  strong  growth  of  spectral  peaks 
from  nonlinear  wave-wave  interact'ons. 


INTRODUCTION 

During  the  past  several  years,  remarkable  progress  has 
been  made  in  numerical  wave  modeling  through  the  de¬ 
velopment  of  the  so-called  “third-generation”  wave 
model  (W.AV1). '  The  centerpiece  of  this  model  is  the  ex¬ 
plicit  calculation  of  the  nonlinear  wave-wave  interactions 
by  a  discrete  parameterization  of  the  exact  integral.  Con¬ 
sequently,  the  nonlinear  calculations  are  based  on  the 
model’s  actual  spectra  rather  than  on  the  idealized  spec¬ 
tra  (e.g.,  the  Joint  North  Sea  Wave  Project),  as  is  done 
in  second-generation  models. 

One  flaw  in  the  wavi  model  lies  in  its  dissipation  func¬ 
tion  that  parameterizes  wave  breaking.  Numerical  coeffi¬ 
cients  in  WAM  were  chosen  so  that  an  equilibrium  exists 
among  growth,  decay,  and  nonlinear  wave-wave  inter¬ 
actions  for  a  particular  spectrum.  It  is  desirable  to  move 
away  from  this  empirical  approach  to  one  based  on  a 
concrete  physical  model  that  may  be  modified  as  our 
understanding  of  wave  physics  grows. 

At  the  NASA/Goddard  Space  Flight  Center,  we  devel¬ 
oped  a  wave  model  that  parameterizes  wave  dissipation 
as  two  distinct  processes.  Wave  breaking  is  given  by  a 
join'  probability  function  and  induces  turbulence  with¬ 
in  the  ocean  that  leads  to  further  dissipation  via  eddy 
viscosity. 

Any  change  to  the  current  w.am  model  is  meaningless 
unless  it  produces  realistic  results.  Thus,  after  describ¬ 
ing  our  changes  to  the  wam  model,  we  apply  it  to  the 
data  set  for  the  Labrador  Sea  Extreme  Waves  Experi¬ 
ment  (i.EWEx;.  The  experiment  was  useful  because  it 
provided  us  with  real  oceanic  wave  heights  and  spectra 
and  with  the  ability  to  compare  models  with  one  another. 

THE  MODEL 

Our  model  is  an  extension  of  the  w  am  model.  Except 
for  the  details  given  in  this  section,  we  adopted  the  w  am 
representation  for  wave  growth,  nonlinear  wave-wave 
interactions,  and  the  implicit  numerical  .scheme  for  in¬ 
tegrating  the  physics.  Two  changes  were  incorporated: 
a  higher-order  advection  scheme  and  an  entirely  new  dis¬ 
sipation  function. 


Presently,  the  wam  model  employs  a  first-order  ad¬ 
vection  scheme  that  is  very  dissipative  but  has  the  ad¬ 
vantage  of  never  producing  negative  wave  energy. 
Because  we  felt  that  this  scheme  was  too  crude,  we 
adopted  a  different  scheme  that  minimizes  dissipation 
and  phase  errors."  In  our  .scheme,  four  grid  points,  in¬ 
stead  of  the  usual  three  in  second-order  differencing,  are 
used,  as  we'i  as  a  local  parameter  that  minimizes  the  er¬ 
ror.  Simple  tests  of  this  advection  scheme  show  that  it 
is  superior  to  the  first-order  scheme  in  minimizing  phase 
errors  and  amplitude  di.ssipation.  If  negative  wave  energy 
is  generated,  these  values  are  set  to  zero.  Although  a 
scheme  that  always  produces  positive  energy  and  that 
minimizes  phase  and  dissipative  errors  is  desirable,  the 
errors  introduced  by  reducing  the  negative  energy  to  zero 
are  minor.  Sample  experiments  .showed  that  about 
0.03%  of  advection  calculations  resulted  in  a  negative 
energy  of  -0. 1  mVs  or  less.  All  the  negative  quanti¬ 
ties  were  on  the  order  oi  0.1  m‘/s. 

Our  model’s  dissipation  parameterization  consLsLs  of  two 
parts.  First,  we  envision  the  wave  actually  breaking,  which 
induces  turbulence  within  the  ocean.  The  turbulence  can 
then  scatter  waves  (via  current-wave  interactions),  which 
leads  to  further  dissipation.'  We  parameterize  the 
phenomena  later  through  the  use  of  eddy  viscosity. 

Our  dissipation  source  function  for  vvave  breaking  has 
its  origin  in  the  modeling  of  joint  probability  density 
functions  for  wave  amplitude  and  frequency.  We  begin 
our  derivation  by  adopting  a  nondimensional  density 
function  for  a  finite  bandwidth,  as  developed  by 
Yuan.'"  The  density  function  can  be  written  as 
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Here,  >»„  is  the  wth  moment  of  the  spectrum,  o:  is  the 
angular  frequency,  W;,  is  the  mean  frequency,  u.’,,  is  the 
frequency  of  the  spectral  peak,  and  h  is  the  wave  eleva¬ 
tion.  The  dimensionless  parameters  H,  and  6  repre¬ 
sent  the  maximum  amplitude  of  the  breaking  wave,  the 
frequency  of  the  wave,  and  the  ratio  of  wave  e.\trcmes 
to  zero  crossings,  respectively. 

We  adopt  the  breaking  criterion  of  Papadimitrakis  et 
al.,*^  in  which  the  nondimensional  maximum  amplitude 
is 


W()  =  (4v2  7ra,6)  '(Up/1’)'  ,  0  <  1  <  /l|lp  , 
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where  5  is  the  wave  slope;  Ip  is  the  nondimensional 
wave  peak  frequency;  u.  is  the  frictional  velocity;  c  is 
the  phase  speed;  and  a,  .aj,  and  /),  are  physical  con¬ 
stants  determined  from  experiments.  Once  this  break¬ 
ing  criterion  is  adopted,  the  energy  loss  is  found 
immediately  by  integration;  its  nondimensional  form  is 


PL{f)  = 
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and  its  dimensional  form  for  a  given  frequency  is 

=  -fPL{f)t(/,e)  .  (4) 

where  T  is  an  incomplete  gamma  function,  and  £’(/,  0) 
is  the  two-dimensional  wave  energy  (/is  the  frequency 
and  d  is  the  direction).  Our  parameterization  accounts 
for  energy  lost  due  to  breaking  at  all  frequencies. 

Preliminary  calculations  showed  that  essentially  all  of 
the  dissipation  given  by  Equation  4  occurs  near  the  spec¬ 


tral  peak,  although  experience  suggests  that  tii'-.ipation 
also  (Kcurs  at  higher  frequencies.  We  associate  ihis  dissi¬ 
pation  with  turbulent  lluct nations  in  the  water  generated 
during  wave  breaking.  This  phenomenon  is  deseribed  by 
the  well-known  equation" 

^  2r'A:-  Li/,  II)  ,  (5) 


where  e  is  the  eddy  viseosity  eoelTiciem,  and  k  is  the  wave 
number.  Because  higher  frequencies  are  treated  poorly 
in  the  model  and  dissipation  at  higher  frequencies  is  used 
essentially  to  keep  the  model  stable,  only  a  numerical 
estimate  of  the  eddy  coefficient  needs  to  be  determined. 
Because  we  envision  that  the  eddy  viscosity  arises  from 
a  mixing  of  momentum,  e  should  be  given  by  a  charac¬ 
teristic  velocity  scale  multiplied  by  a  characteristic  length 
scale.  An  obvious  length  scale  is  A,,  the  inverse  wave 
number  of  the  spectral  peak.  The  velocity  magnitude  is 
given  by  the  total  kinetic  energy  generated  by  the  break¬ 
ing  wave; 


L'-  =  g  PL(f)  dj  ,  (6) 
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where  g  is  the  acceleration  due  to  eravitv.  Consequent¬ 
ly.  =  L//Ap. 

This  parameterization  is  incorporated  into  the  model 
as  follows:  The  model’s  spectrum  is  used  to  compute 
the  various  moments  that  give  0  and  ll.’,,.  We  then  ap¬ 
proximate  the  peak  of  the  spectrum  by  the  mean  fre¬ 
quency  of  the  spectrum  to  ensure  that  the  peak  frequency 
evolves  smoothly.  Finally,  we  compute  a. 

With  these  parameters,  we  are  ready  to  compute  the 
dissipation  function.  For  each  frequency,  we  first  com¬ 
pute  the  nondimensional  frequency  1,  and  then  the  wave 
slope  6  =  0.157«''E(/),  where  £'(/)  is  the  one-dimen¬ 
sional  wave  energy.  This  proportionality  constant  was 
chosen  so  that  the  wind  input,  dissipation,  and  wave- 
wave  interaction  sourc'e  terms  would  balance  for  a 
Pierson-Moskowitz’  spectrum.  Next,  //„  is  computed 
from  Equation  2,  in  which  we  have  chosen  the  approxi¬ 
mate  values  /I I  =  2,  a,  -  I,  and  a-.  -  '/;•  Finally, 
the  incomplete  gamma  function  is  computed  by  using  the 
standard  algorithm.''  All  of  these  quantities  are  ,sub.stitut- 
ed  into  Equation  4.  For  H»  >  3,  an  asymptotic  expan¬ 
sion  is  used  to  evaluate  the  incomplete  gamma  function. 

The  integral  in  Equation  6  is  computed  as  we  com¬ 
pute  the  wave  breaking.  Con.sequently,  once  the  wave- 
breaking  portion  of  the  code  is  completed,  we  have 
everything  needed  for  Equation  6  so  that  turbulent  dis¬ 
sipation  can  be  found  via  Equation  5. 

To  test  the  dissipation  scheme,  the  wave  growth,  non¬ 
linear  wave-wave  interactions,  and  dissipation  were  com¬ 
puted  for  a  Pierson-Moskowitz  spectrum  with  a  cosine- 
squared  spreading  function  and  a  20-m/s  wind.  The  oniy 
unknown  parameter  occurs  in  the  expression  for  wave 
slope.  Following  the  wam  group,'  wc  assumed  that  the 
wave  slope  was  proportional  to /■'£'(  /  ).  The  proportion¬ 
ality  constant  was  chosen  so  that  all  source  terms  would 
balance  when  integrated  over  direction  and  frequency. 
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The  current  wam  model  adds  an  /  ^  tail  at  sufficient¬ 
ly  high  frequencies  to  keep  the  model  stable.  VVe  found 
that  this  tail  introduced  too  much  dissipation  at  the  higher 
frequencies,  so  we  adopted  an  /  '  tail,  which  is  closer 
to  the  Pierson-Moskovvitz  spectrum. 

Figure  1  shows  the  balanced  source  terms  as  a  func¬ 
tion  of  frequency.  The  frequencies  and  source  terms  have 
been  nondimensionalized  by  w*/g  and  g'/ui,  respective¬ 
ly.  A  comparison  of  our  dissipation  function  with  the 
w  AM  parameterization  shows  that  our  scheme  dissipates 
energy  more  uniformly  over  the  various  frequencies.  Our 
computed  value  for  the  eddy  viscosity  was  appro.ximate- 
ly  55  cmVs. 

A  more  realistic  test  is  to  blow  the  wind  off  the  shore 
at  20  m/s  and  allow  the  spectrum  to  reach  equilibrium. 
The  spectrum  for  fetch-limited  wave  growth  is  shown 
in  Figure  2  as  a  function  of  nondimensional  fetch  .v*  = 
gx/u;  from  the  coast.  The  one-dimensional  spectrum  is 
nondimensionalized  by  g'/ul.  The  evolution  of  the 
spectrum  with  distance  is  very  similar  to  that  of  w.-wi. 
A  detailed  comparison  shows  that  our  spectrum  has  con 
sistently  higher  peak  values  in  comparison  with  the 
results  given  in  Figure  5  of  Ref.  1 .  At  infinite  fetch,  the 
w  AM  model  gives  a  nondimensional  energy  £*  and  a 
nondimensional  frequency /*  of  1.15  x  10’  and  5.51 
X  10  ’,  respectively,  compared  with  1.56  x  lO’  and 
5.00  X  10  ’in  our  model.  These  differences  are  attrib¬ 
utable  essentially  to  the  new  dissipation  parameterization. 

USE  IN  LEWEX 

Although  simple  tests  are  useful  in  understanding  a 
wave  model,  another  test  is  its  application  to  an  observed 
data  set.  A  set  of  observations  against  which  a  model 
may  be  compared  is  provided  by  lewex.  Further,  be¬ 
cause  many  modelers  use  the  so-called  t.EWEX  “common 
winds,”  other  modelers  have  a  benchmark  against  which 
to  compare  their  models. 

The  model  was  executed  over  the  region  where  the 
coarse  mesh  winds  were  provided,  namely  30°N  to  60° N 
and  30° W  to  80° W.  The  ice/sea  boundary  was  not  in¬ 
cluded,  and  the  horizontal  resolution  was  1 .25°  latitude 
by  2.5°  longitude.  The  model  contains  twenty-sbi  fre¬ 
quency  bands  placed  logarithmically  from  0.042  to  0.487 
Hz,  and  twenty-four  azimuthal  bands  with  A&  =  15°. 
Although  the  time  step  was  allowed  to  vary  with  the  wind 
speed,  a  typical  time  step  was  450  s. 

The  model  was  run  on  a  Cyber  205  vector  processing 
machine.  For  548  ocean  grid  points,  the  average  central 
processing  unit  time  step  was  about  I  s.  The  nonlinear 
wave-wave  calculations  took  52%  of  the  central  pro¬ 
cessing  unit  time,  the  dissipation  took  13%,  reading  out 
the  data  took  12%,  and  calculating  the  /  -  tail  of  the 
spectrum  took  11%.  Other  processes  took  smaller  per¬ 
centages  of  time. 

Figures  3A  and  3B  show  the  significant  wave  heights 
for  the  period  from  12  March  to  20  March  1987  at  the 
grid  points  nearest  the  CFAV  Ques(  and  HNLMS  Tyde- 
man.  Also,  we  have  added  wind  barbs  for  the  local  winds 
given  by  the  lewex  common  wind  analysis. 

The  first  thing  to  note  is  a  slight  undulation  in  the 
wave  heights,  resulting  from  the  constant  readjustment 


Figure  1.  The  balance  of  wind  input  (red  curve),  nonlinear  ener¬ 
gy  transfer  from  wave-wave  interactions  (blue  curve),  and  wave 
energy  dissipation  (black  curve)  that  would  occur  in  our  model 
if  the  spectrum  followed  the  shape  suggested  by  Pierson  and 
Moskowitz^  for  a  20-m/s  wind. 


Figure  2.  The  evolution  of  a  one-dimensional  frequency  spec¬ 
trum  for  fetch-limited  wave  growth  (x*  =  nondimensional  fetch) 


of  the  system  as  the  magnitude  and  direction  of  the  wind 
varied.  Such  ringing  was  possible  in  our  system  because 
our  advective  scheme  is  relatively  nondissipative,  unlike 
most  models,  which  use  a  first-order  advection  scheme. 

At  the  Tydeman,  we  found  two  major  peaks  in  the 
wave  height:  the  first  around  14-15  March  and  the  sec¬ 
ond  around  18  March.  These  results  are  in  general  agree¬ 
ment  with  other  models,  although  our  wave  heights  are 
slightly  lower.  Further,  the  peak  of  the  first  event  ap¬ 
peared  twelve  hours  later  than  that  of  several  other 
models. 

The  wave  hindcast  made  at  the  location  of  the  Quesi 
contained  a  larger  degree  of  variability  than  that  made 
at  the  Tydeman.  Upon  comparing  our  results  with  oth- 
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12  14  16  18 

March  1987 

Figure  3.  Hindcast  of  significant  wave  height  between  12 
March  and  20  March.  A,  Quest.  B.  Tydeman.  Wind  barbs  for  the 
local  winds  are  also  plotted.  Each  full  barb  indicates  10  kt,  and 
a  half  barb  indicates  5  kt. 


er  models,  the  peaks  near  0000  UT  on  the  successive  days 
of  14  through  18  March  could  also  be  discerned.  The 
major  difference  between  our  model  and  other  models 
was  the  rapid  growth  and  decay  of  wave  energy,  espe¬ 
cially  around  1800  UT  on  15  March.  Again,  our  wave 
heights  were  not  as  large  as  those  in  other  models. 

Comparing  the  evolution  of  the  spectra  in  our  model 
with  other  models  is  also  useful.  In  Figures  4A  and  4B, 
we  compare  the  two-dimensional  spectra  E{/,  0)  for  our 
model  with  the  vv  am  model  at  the  Quest  in  six-hour  in- 
teivals  from  0000  UT  on  13  March  to  0600  UT  on  14 
March.  This  particular  example  was  chosen  because 
different  models  behaved  quite  differently  in  this  rapid¬ 
ly  evolving  situation. 

Our  spectra  were  similar  to  those  of  wa.m.  Both 
models  showed  a  decaying  swell  located  in  the  fourth 
quadrant  and  a  growing  wave  energy  in  the  second  and 
third  quadrants.  The  major  difference  was  wam’s  ear¬ 
lier  and  stronger  growth  of  the  new  wave  energy.  Fur¬ 
ther,  our  wind-driven  spectral  peak  was  slightly  clockwise 


Figure  4.  Two-dimensional  wave  spectra  log  E{f,  0)  versus  log  f 
at  six-hour  intervals  for  a  rapidly  evolving  wave  field  at  the  Quest 
between  13  March  at  0000  UT  and  14  March  at  0600  UT.  A.  NASA 
third-generation  model.  B.  wam  third-generation  model.  The  in¬ 
ner  circle  is  at  400  m,  and  the  outer  crcie  is  at  50  m.  Sequences 
are  from  left  to  right  by  row. 


from  wa.m’s.  These  results  suggest  that  our  stronger  dis¬ 
sipation  at  higher  frequencies  and  weaker  dissipation  at 
lower  frequencies  inhibit  wave  growth  due  to  direct  w'ind 
input  while  allowing  strong  growth  of  spectral  peaks  due 
to  nonlinear  wave-wave  interactions. 

SUMMARY  AND  CONCLUSION 

In  this  article,  we  have  described  a  third-generation 
wave  model  that  is  similar  to  w.a.vi  but  differs  in  both 
the  horizontal  advection  scheme  and  dissipation.  We 
have  presented  results  for  fetch-limited  wave  growih  and 
for  the  conditions  experienced  during  i.ewex.  The  results 
given  by  our  model  are  similar  to  those  given  by  w.a.m; 
the  greatest  difference  is  the  rate  at  which  wind-generated 
wave  growth  occurred. 

Although  our  model  is  certainly  not  perfect,  we  can 
improve  the  current  wam  formulation  because  our  dis¬ 
sipation  scheme  is  based  on  physical  considerations. 
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A  COMPARATIVE  ANATOMY  OF 
THE  LEWEX  WAVE  SYSTEMS 


Directional  spectral  estimates  from  eight  numerical  wind-wave  models  and  a  directional  wave  buoy 
are  compared  by  dissecting  the  directional  spectrum  into  five  or  six  independently  evolving  wave  systems. 
Dissection  more  clearly  reveals  the  connection  between  each  wave  system  and  its  source  wind  field  and 
may  offer  a  valuable  tool  for  interpretation  of  directional  wave  spectra  and  for  global  wave  data  assimi¬ 
lation  schemes. 


INTRODUCTION 

The  Labrador  Sea  Extreme  Waves  Experiment  (i  e\\ 
ex)  was  planned  to  provide  a  comparison  among  mea¬ 
sured  and  modeled  directional  ocean  gravity  wave  spec¬ 
tra  in  a  geographic  region  where  large,  rapidly  evolving 
wave  systems  were  expected.  The  lewex  goals  are 
described  in  Bales  et  al.'  and  Beal  (this  volume).  The 
variety  of  data  sets  obtained  can  be  sensed  from  other 
articles  in  this  volume.  This  article  first  provides  a  general 
description  of  the  directional  wave  field  at  the  location 
of  HNLMS  Tydeman  (50°N,  45°  W),  one  of  the  two  ex¬ 
perimental  sites  of  LEWEX.  The  wave  field  then  is  exam¬ 
ined  in  terms  of  its  component  wave  systems,  using  either 
measured  or  model-derived  directional  spectra.  Finally, 
the  meteorological  sources  of  these  w-ave  systems  evident 
in  the  lewex  hindcast  wind  field,  or  lewex  “common 
winds”  (see  the  article  by  Cardone  in  this  volume),  are 
briefly  described.  The  data  sources  discussed  in  detail 
are  the  moored  Wavescan  buoy  (Krogstad,  this  volume), 
the  second-generation  ukmo  wave  model  (Rider  and 
Stratton,  this  volume),  and  the  third-generation  wam 
(Zambresky,  this  volume).  The  first-generation  wave 
models  gsowm  (Wittman  and  Clancy,  this  volume), 
ODGP  (Cardone,  this  volume),  and  the  second-generation 
wave  models  vag  (Guillaume,  this  volume)  and  hypa’ 
are  also  discussed,  as  well  as  the  model  operational  at 
the  National  Oceanic  and  Atmospheric  Administration 
(NOAA)  (Esteva  and  Chao,  this  volume).  For  a  definition 
of  this  generational  nomenclature  and  a  description  of 
various  model  implementations,  see  the  swamp  report.' 

The  Norwegian  Wavescan  buoy  had  the  appealing 
property  among  lewex  measurements  of  providing 
uninterrupted,  statistically  independent  directional  spec¬ 
tral  estimates  every  1 .5  h  for  approximately  4  days.  This 
continuous  sampling  allowed  researchers  to  detect  timing 
problems  in  the  model  spectra  caused  by  the  inaccurate 
specification  of  atmospheric  pressure  system  movements. 
These  timing  errors  can  make  spectral  comparisons  at 
a  specific  time  so  different  that  they  appear  unrelated. 
When  the  entire  time  series  of  spectra  (or  their  associated 
reduced  parameters)  are  viewed,  however,  these  timing 
differences  can  easily  be  recognized  and  perhaps  e.x- 
plained.  This  is  an  important  aspect  of  the  lewex  com¬ 
parisons  because  the  wind  field  is  not  perfectly  known. 


Part  of  this  article  presents  statistical  summaries  of 
the  I  Ew  EX  spectral  sequences  in  varying  degrees  of  de¬ 
tail.  The  most  highly  averaged  measures,  such  as  total 
energy  or  significant  wave  height  (swu),  tend  to  mask 
differences  among  the  various  data  sources  when,  in  fact, 
there  are  often  great  discrepancies  among  the  directional 
spectra.  At  the  most  detailed  level — that  of  e.xamining 
individual  two-dimensional  spectra — it  is  sometimes  dif¬ 
ficult  to  find  corresponding  features  in  different  data 
sources.  Between  these  two  levels  of  data  reduction  is 
one  that  preserves  the  most  important  differences  among 
the  data  sources  but  averages  out  the  less  important  ones. 
This  reduction  is  a  dissection  of  the  time  sequence  of 
two-dimensional  spectra  into  component  vvave  systems, 
each  of  which  is  attributable  to  a  distinct  meteorological 
event  and  characterized  by  a  relatively  Inca!  concentra¬ 
tion  of  spectral  variance  whose  reduced  parameters  vary 
continuously  in  time. 

SIGNIFICANT  WAVE  HEIGHTS 
AT  THE  TYDEMAN 

Figure  1  shows  time  series  of  swh’s  from  five  models 
that  made  predictions  at  50°N,  45°W  for  the  entire  v.ew- 
EX  tinte  period  and  also  for  the  Wavescan  buoy  moored 
there.  The  definition  of  swH  here  is  4  x  (wave  height 
variance)  \  Each  model  was  driven  by  the  lewex  com¬ 
mon  winds.  The  total  variation  is  from  about  2  to  6  m 
over  the  duration  of  the  experiment.  Differences  among 
models  are  generally  less  than  1-m  sw  h,  which  is  a  con¬ 
siderable  improvement  over  the  difference  of  more  than 
2  m  that  occurred  when  models  were  run  with  their  own 
wind  fields  (.see  Fig.  7  in  Beal,  this  volume).  The  gsowm 
and  I'K.MO  models  in  particular  arc  in  considerablv-  better 
agreement  with  the  others  than  when  run  with  their  own 
winds.  The  French  model  vac;  reproduces  the  swh  vari¬ 
ation  of  the  Wavescan  buoy  particularly  well,  not  only 
approximating  it  in  a  pointwisc  sense,  but  also  capturing 
the  shape,  especially  between  14  and  16  Marcli. 

The  agreement  represented  in  these  curves,  howc'  or, 
is  misleading  for  much  of  the  experimental  period.  Con¬ 
sider,  for  example,  the  various  estimates  on  16  March 
at  0000  UT .  As  can  be  seen  in  the  total  swtt  curves. 
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Figure  1.  Significant  wave  heights  a!  50  N  45  W  fo'  moae's 
run  with  the  i-gvvEx  common  winds 


there  is  vcr\  good  agreeitieni  (  ±0.2  itr  ss^n)  amotig  all 
data  sources  except  i.sowxt,  which  ts  higher  hccause  ol 
a  southeasterK  system  (arriving  Ironi  the  southeast)  that 
was  represented  strongly  onh  in  that  niodel’s  luiKicast, 
although  it  was  also  present  to  a  lesser  degree  tn  the 
VS'avescan  spectra.  (See  Wittntanii  a/ul  C’lanc>.  tins 
volume.) 

Figure  2  shows  spectra  for  w  wi.  v  \t,,  and  U  avescan. 
The  radial  scale  is  log  frequencs,  with  a  range  ot  0.05 
to  0.2  H/  and  calibration  circles  corresponding  to  wave¬ 
lengths  ot  4(K),  2(X),  KX),  and  50  m  calculated  using  the 
dispersion  relation  for  deep-water  gravity  waves  (w'  - 
gA').  These  calibration  circles  corresixutd  to  wave  periods 
of  about  16,  1 1.5,  8,  and  5.5  s.  The  quantity  contoured 
is  S(/,  6>),  whicn  satisfies 


wave  height  variance  =-  \  ,S'(/.  df  di)  , 

with  Si  /,  h)  in  units  of  m^sy  The  spectral  plots  dis¬ 
play  equally  spaced  contours  of  log  S  ( (* )  as  a  i  unc¬ 
tion  of  log/.  The  .spectra  indicate  the  direction  toward 
which  waves  propagate.  With  this  logarithmic  format, 
it  is  po.ssible  to  display  spectral  energy  in  both  wind  sea 
and  swell  in  absolute  units,  even  when  their  peak  spectral 
energy  densities  differ  by  an  order  of  magnitude.  In  this 
format,  however,  the  visual  perception  of  spectral  vol¬ 
ume  does  not  correspond  to  its  total  energy  as  it  would 
in  a  linear  format,  with  linearly  spaced  levels. 

As  Figure  2  shows,  the  spectral  estimates  differ  signif¬ 
icantly  on  16  March  at  0000  UT:  the  buoy  places  all  the 
wave  energy  in  a  southerly  system,  while  both  the  \v  \m 
and  vag  models  divide  the  energy  about  equally  into  a 
northerly  and  a  southerly  system.  A  similar  misleading 
agreement  in  swh  occurs  at  other  times,  such  as  on  18 
March  at  0000  UT  when  vvam,  vag.  and  W'avescan 
agree  to  within  ±0.2  m  swn.  The  corresponding  spectra 
are  also  shown  in  Figure  2.  The  northerly  wave  system, 
which  is  so  strong  in  Wavescan  at  this  time,  has  nearly 
disappeared  in  wam  and  vac.,  and  there  is  al.so  signifi¬ 
cant  south-southea.st  energy  in  Wavescan  that  is  lacking 
in  the  models. 


Figure  2-  top  row  wav  va...  dm)  Wdv<'V:.a'i 
45'vy  on  It'  Mdfcn  dS  OOOC  UT  Ek;1to(n  lovi  wav  .ai.  ano 
WavfSCdfi  d!  50'N  4S'W  Of.  It  Mdrcr,  at  (KKK.i  U'  Wife!  v^tU:' 
idvowj  mdgnilucJff  o.  'C  n*  s  fiiig 

IFH  1  FVVl  \  \VA\  !  SVSFl A!S 

1  he  preceding  example'  show  'has  dittviumal  a'jxvtv 
ot  the  >ix.vtrum  need  to  f>e  considered  u*  compait  data 
svHitces  pri>(X’itv,  rile  twt>-dinicitsionai  sjXAiruiii  has  ill  s 
inlvirmatton.  but.  Irttm  a  staiivticai  pom!  irf  view,  n  is 
I’fteii  belter  t<>  partiiu'n  the  iwn-dimenstona!  vixMrum 
into  comixmeni  wave  systems  and  ealculaie  parametets 
lot  each  eomponem.  I  his  partitioning  compresses  the 
inlonnaiion  and  ix-rmits  comparisons  among  wave 
svstems  in  terms  ot  reduced  parame'ers. 

An  algorithm  has  been  devised  that  perlivrms  this  pat 
titioning.*'  Facb  wave  vvstem  is  churacten/ed  hv  a 
spectral  location  estimate  (that  is.  treqiiency  and  diiec 
tion)  and  its  assvxiated  wave-height  variance  estimaie. 
I  he  nuxlal.  or  maximal,  lixation  estimate  iv  use^d  in  this 
article.  The  variance  estimate  is  a  recursivciv  calculated 
quantity  that  fractionates  the  total  wavc-hcight  variance 
among  all  modes  present  m  the  spectrum. 

Figure  }  shtvws  the  sequence  tit  w  xxi  hindcast  sjx’ctra 
at  the  lydofiHifi  ovei  the  1 1  vxi  \  time  period;  vv  .\\i  is  il 
lustrated  here  because  its  spectra  are  rclalivciv  simple, 
but  they  still  show  the  evolution  of  all  the  important 
wave  systems.  Fhc  results  of  the  spectral  partitkming  al¬ 
gorithm  arc  plotted  in  F'igurc  4,‘\.  which  shows  the  evo 
lutioit  of  six  wave  systems,  separated  bv  color  and  num 
bered  0  through  5.  These  six  wave  systems  largely  deter¬ 
mined  the  variability  of  the  w  xxt  hindcast  waves  at  the 
Tydcman.  Uareful  comparison  of  F  igure  .5  with  F  igure 
4A  will  show  the  spectral  signature  of  the  individual  wave 
systems.  The  evolution  of  each  wave  system  is  represent¬ 
ed  by  a  series  of  arrows  whose  direction  indicates  the 
direction  of  wave  propagation  as  estimated  from  fhc  cor 
responding  spectral  mexie.  F  or  the  w  xsi  sequence,  there 
is  high  temporal  correlation  within  an  individual  wave 
system.  The  right-hand  ordinate  is  the  pcritxl  of  the  spec¬ 
tral  mode;  the  corresponding  left-hand  scale  is  trans¬ 
formed  to  wavelength  through  the  dispersion  relation  for 
deep-water  gravity  waves.  All  modes  were  calculated 
from  the  previously  described  frequenev  spectra  having 
units  mTs".  The  length  of  the  arrow  is  proportional  to 
the  swn  of  the  individual  system. 


i  S.v 


Figure  3.  Three-hourty  sequence  o<  speclrs  from  wam  with  lewex  common  winds  at  50’N.  ■tS'W  Same  scale  as  Fig  2  Sequence 
begins  on  12  March  at  1500  UT  (upper  left)  and  ends  on  19  March  at  1200  UT  (lower  right) 


The  spectral  partitioning  algorithm  is  intended  to  de- 
scrioe  wave  field  variability  as  Snodgrass  et  al.'’  did. 
that  is,  as  a  superposition  of  remotely  generated  wave 
trains,  in  that  article,  the  evolution  of  features  present 
in  sequences  of  frequency  spectra  was  related  to  source 
regions  of  remotely  generated  waves.  Spectra  of  a  time 
series  from  a  bottom-mounted  pressure  sensor  were  ar¬ 
ranged  in  a  two-dimensional  format  of  energy  as  a  func¬ 
tion  of  frequency  and  time.  In  that  format,  remotely  gen¬ 


erated  wave  trains  produced  a  ridge  signature.  The  slope 
of  the  ridge  was  related  to  the  distance  to  the  source  re¬ 
gion.  and  the  zero-frequency  intercept  was  related  to  the 
time  of  generation.  In  contrast,  the  algorithm  described 
here  operates  automatically  and  also  produces  an  esti¬ 
mate  of  the  variance  attributable  to  each  wave  compo¬ 
nent,  Since  it  operates  on  the  full  directional  spectra, 
directional  information  emerges  from  a  single  time  senes 
at  a  single  location. 
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Figure  4.  Evolution  of  lewex  wave  systems  at  50°N,  45'‘W  as 
modeled  with  (A)  wam  and  (B)  ukmo,  and  as  observed  with  (C) 
Wavescan.  Arrow  length  is  proportional  to  swh. 


Figure  4B  shows  the  vector  diagram  for  the  second- 
generation  UK'MO  model.  Whereas  \sam  produced 
smoothly  varying  patterns  in  Figure  4A  with  relatively 
simple  structure,  the  patterns  in  Figure  4B  are  more  com¬ 
plicated,  with  many  more  spectral  modes  present.  More¬ 
over,  these  features  are  sometimes  intermittent  and  some¬ 
times  have  short  persistence.  This  additional  structure, 
which  is  not  present  in  w  am,  might  be  termed  “second¬ 
ary  spectral  structure.”  It  can  be  seen  from  Figure  4B 
that  the  same  six  wave  systems  discussed  in  conjunction 
with  WAM  are  also  present  in  the  ukmo  model,  so  it  is 
reasonable  to  compare  data  sources  in  terms  of  what 
tnighi  be  termed  “primary  spectral  structure,”  consisting 
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Figure  5.  Partilionec  swh  curves  for  the  ukwc:  mouth  >ur.  vtiir 
the  lEwe*  hihdcasi  winds  at  50‘N  45  tA; 


of  the  more  highly  averaged  parameters  thai  characien/e 
wave  systems.  In  particular,  the  swh  curves  ot  each  of 
the  partitioned  wave  systems  preserve  the  major  dircc 
tional  properties  but  average  out  this  secondarv  structure 
These  curves  are  shown  in  Figure  5  for  the  i  ksio  n  Kiel, 
along  with  the  total  swh  curve.  (Othei  examples  of  par¬ 
titioned  SWH  curves  can  be  seen  later  in  tins  article  in 
Figures  8A-E,  where  the  i  kmo  curves  agree  well  whh 
other  models,  even  though  the  spectra  have  complicated 
shapes  that  contain  many  modes  not  found  in  spectra 
from  other  data  sources.) 

The  vector  diagram  for  the  W  avescan  buoy  is  shown 
in  Figure  4C.  Here,  onlv  foui  wave  systems  arc  observed 
because  the  buoy  was  not  operational  until  04.10  UT  on 
14  March.  The  U  avescan  prov  ides  time  series  of  heave 
and  also  north-  and  cast -surface  slope,  and  from  these, 
a  directional  maximum  entropy  spectral  estimate  is  com¬ 
puted  (see  Ref.  7  and  also  the  Krogstad  aniclc  in  this 
volume).  In  this  case  not  all  spec'ral  modev  are  plotted. 
Whereas  w  am  produces  smoothly  varying  spectra  with 
at  most  three  modes  in  any  t.twTx  spectrum,  the  Wave- 
scan  maximum  entropy  estimate  can  have  many  modes. 
This  is  perhaps  to  be  expected  because  the  maximum 
entropy  spectral  estimates  have  independent  frequency 
bands  of  width  0.01  Hz,  cau.sing  a  random  element  in 
the  directional  orientation  of  each  band.  If  the  estimates 
from  each  band  are  not  quite  in  alignment,  a  spurious 
peak  may  ari.se.  Most  of  these  modes  are  insignificant 
and  result  in  a  small  variance  estimate.  They  have  been 
eliminated  in  this  comparrson  through  a  “pruning”  pro¬ 
cedure,  so  named  because  the  data  structure  extracted 
from  each  spectrum  ha.s  the  shape  of  a  tree.  Each  spec¬ 
tral  mode  represents  a  branch  at  the  top  of  this  tree. 
Pruning  will  produce  more  highly  averaged  statistics  to 
characterize  the  remaining  spectral  modes.  In  panicular, 
the  variance  estimate  of  a  pruned  branch  is  used  to  aug¬ 
ment  the  variance  estimate  of  the  closest  remaining 
branch. 

Smoothing  of  either  the  heave  and  slope  spectral  esti¬ 
mates  or  the  two-dimensional  maximum  entropy  estimate 
will  al.so  reduce  noi.se.  In  fact,  the  heave  and  slope  esti¬ 
mates  with  standard  processing  have  32  degrees  of  free¬ 
dom.’’  The  directional  Fourier  coefficients  calculated 
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for  each  frequency  band  derived  from  the  onc-Unnen- 
sionai  spectral  estirimtes  are  also  smoothed  m  tunc  with 
the  filter  having  weights  '  > .  ' ; ,  and  '  * .  More  snuKUhing 
would  probably  obscure  spectral  structures  ist  interest 
Since  highly  nonlinear  equations  are  used  to  compuie 
maximum  entropy  estimates  from  the  heave  and  slofX' 
time  series,  the  standard  spectral  confidence  intervals  are 
appropriate  only  for  the  original  time  series  but  are  of 
little  use  for  interpretation  of  the  directional  s[K“ctral  cs 
tunate  or  the  quantities  plotted  in  f  igure  4C  .  An  infoi- 
mal  estimate  of  the  variability  in  these  quantities  can  be 
obtained,  however,  by  assuming  that  the  descriptive  pa 
rameters  vary  smoothly  in  time  wtihin  a  wave  system. 
Splines  can  be  used  to  compute  this  smooth  variation, 
and  a  variability  estimate  for  the  parameters  can  be  ob 
tained  by  computing  residuals  from  it.  This  process  will 
yield  a  variability  estimate  that  will  be  an  upper  bound 
on  the  real  sampling  variability  because  it  will  contain 
some  real  wave-field  variability.  These  estimates  have  not 
been  computed  for  the  Wavescan  wave  systems  shown 
in  Figure  4C,  but  it  is  apparent  from  the  low  scatter  m 
the  vector  plots  that  sampling  variability  is  not  large  for 
these  parameters. 


1  he  'Cciindaiv  siKCiuti  O'Uv.iinc  is  'vescui  :!;  .lUic: 
second  generatH’i!  riuidels  alsu,  siicfi  as  >.  aiisi  nij  v. 
hu!  is  lacking  in  itic  second  gciicialiiiii  t!ic»dc(  o|k.-ia',i-.iU4j 
a!  v.'vv.  1  iguic  2.  wiiuh  shows  I'nc  '•  v.  and  w  \m  niuJ 
..asis  at  iXKXi  I  !  on  [t.  March  .tirJ  I  1  on  iS 

Maich,  is  an  example  ol  v  vi  sjKsUa  -cmunning  the  asi 
ditional  siiucuiie-  1  iu-  sou'hcih  'Vsicii!  on  In  M.irJs 
descnhcd  by  v  v( .  ctniiains  tince  monies,  vihcieas  ds.c 
irom  w  \\i  is  ummodai  On  l<s  Maich.  tile  distiihution 
oi  energv  in  w  vsi  is  uminoda!.  conspated  wish  ncaih 
separate  vvmd  sea  aiul  swell  disisilniSions  m  vo 
Figure  <*  gives  aiiodier  cxaiupic  oi  she aiiai'-iiiS',  pit-s 
eii!  it!  the  variOiis  daia  soinces  Sequences  o'  s;hv!.i,;  on 
1'  March  fiom  tllKXI  1  1  lo  IZtX'  I  I  aie  plsHled  toi  ijiUT 
iiUKlels  and  '.lie  \\  avcscan  iuiov  Ovei  sue  iinie  mU'i  val 
sepresenieu,  the  models  siu'wn  .(gtee  vveli  in  swh  hiii  air 
at!  sigm'icantly  lower  than  V\;ivescan  I  he  w  vm  modri 
siuiws  a  continuous  ummodai  evolution,  wh.cfeas  tHish 
HM'v  and  <  KMo  exhibii  muiUmod.il  disinbutunis  wiUi 
many  dilfcrcnces  Ix'iween  sequential  s[vcsra  Oiu  miet 
esiiiig  leauiic  m  the  s  exto  sev|uciice  is  ihe  wave  svstem 
with  ihc  upproximaiely  V-s  [x-nod  ptopaganiig  toward 
the  north- noriheasi.  The  six*citai  signature  is  micrnm 


Figure  6.  Spectral  sequences  beginning  at  0000  UT  on  15  March  and  continuing  every  3  h  through  1200  UT  ileft  to  rights  Data 
sources  are  organized  by  rows,  beginning  with  wam,  and  followed  by  ukmo  hvpa.  and  Wavescan  at  SO  N,  45'W  Same  scale  as 
Fig.  2. 


tent:  it  IS  present  at  (KKM)  l;T,  {)6(Xi  I  T.  and  !20('  L'T, 
but  not  a'  {)3()()  UT  and  (W()0  11  t  unousiv,  there  is 
a  minintum  m  the  t  kmo  speetrum  at  i>XKi  I  T  at  itie 
same  loeation  where  the  vs  \\i  s{x-ctruni  has  its  masi 
mum.  Simtlar  ituermittent  Tvehavioi  is  present  diinni!  uth 
er  portions  of  the  i  kmo  spectral  series,  such  us  the  ssvell 
system  4  ot  bigure  4B, 

The  Wavescan  has  a  more  complicated  spectrum, 
renecting  the  actual  variability  of  the  wave  field.  It  is 
essentially  a  unimodal  distribution,  iuvwevet.  It  exhibits 
a  longer  period  (11  s)  than  w,xm  (10  s),  but  is  in  closet 
agreement  with  one  of  the  modes  present  in  livex  (pai- 
ticularly  at  03(X)  UT )  and,  to  a  lesser  extent,  i  kxuj. 

The  maximum  spectral  density  of  both  \\  avescan  and 
HVPV  agree  well,  and  both  e.xceed  that  of  v>,  wt  and 
OKMO.  '"avescan  appears  to  have  a  broader  angular  dis 
tribution  than  any  of  the  models  and  also  contains  less 
energy  in  the  higher  frequencies  than  any  of  the  models 
shown.  This  high-frequency  activity  may  be  a  result  of 
IcKaJ  lluctuations  in  wind  speed  not  nuxleletl  in  the  1 1  w 
t:\  common  winds;  the  U'avescan-measured  winds  were 
in  fact  more  highly  variable  than  those  ot  the  modeled 
winds.  The  broader  angular  distribution  may  be  caused 
by  the  swell  propagating  from  a  region  dose  to  Africa 
not  included  in  the  1 1  wi  \  common  winds.  The  swell  is 
barely  detected  in  the  Wavescan  buoy  but  is  quite  promi¬ 
nent  in  the  gsowm  spectra  (Wittmann  and  Clancy,  this 
volume.  Fig.  5B). 

The  secondary  spectral  structure  in  v-\o,  i  kmo.  and 
HVF'x  probably  arises  from  a  separate  treatment  of  sea 
and  .swell.  The  spLX'trum  is  parametcri/ed  over  the  re¬ 
gion  considered  to  be  wind  sea.  For  e.xample.  in  nvi’  x' 
the  six  Jonswap  parameters  are  used  to  model  tl.c  w  ind 
sea  portion  of  the  spectrum.  The  distinction  between 
w'incl  sea  and  swell  varies  according  to  changes  in  w  ind 
speed  and  direction.  Energy  in  the  wind  sea  vvill  be  trans¬ 
formed  into  swell  as  wind  speed  decreases,  while  swell 
may  be  reabsorbed  into  wind  sea  a,s  wind  speed  increases. 
The  swell  spectral  regime  is  processed  separately,  and 
in  some  models  each  of  the  discrete  bins  used  to  approx¬ 
imate  a  continuous  wave  spectrum  propagates  indepen¬ 
dently.'  The  VAG,  HVPA,  and  ukmo  models  tend  to  pro¬ 
duce  speara  with  many  modes  in  the  swell  regime.  These 
modes  sometimes  do  not  have  long  persistence  and  are 
sometimes  intermittent.  The  secondary  spectral  structure 
iv  impossible  to  verify,  at  least  with  the  data  collected 
in  t.EWEX.  Much  of  the  .truciure  is  probably  not  real, 
but  it  can  indicate  a  lower  limit  to  the  resolution  of  fea¬ 
tures  that  may  reliably  be  inferred  from  the  complete 
two-dimensional  spectrum.  Even  if  not  believable  in 
small  details,  however,  such  spectra  may  accurately  re¬ 
produce  the  more  highly  averaged,  larger-scale  spectral 
features. 

COMPARISONS  AMONG  DATA 
SOURCES  USING  PART5T!ONED 
SIGNIFICANT  WAVE  HEIGHTS 

Each  of  the  six  wave  systems  shown  in  Figures  4A-C 
are  seen  with  variations  in  the  other  models.  Not  all 
models  .show  the  high-frequency  activity  of  the  norih- 
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an  addiuuiiu!  ituinv  Mniihcaik-i is  wave  -..sSriii  ..('iiinjcn 
cing  latf  on  14  Mauh  and  ,.i>u!i!iuji!f'  ihtoueii  itic  end 
ot  the  cxjrerimcn!  (on  iu  Mar^.hi  1  v\eM!-a!ly.  ihcsc  vtx 
systciirs  char. icier !.'e  the  wave  fieid  variatvihiy  oS  liic 
liwtx  hrndcasts.  1  hev  ate  genviairtt  av  she  ic'-uh  o’  i lie 
toremg  bv  three  low  prosiire  weieiin,  which  arc  vivilhc 
in  seven  selected  wind  !ietds  troin  ilic  1 1  vs  s  \  Ki>ni!!,,.ii 
winds  shiiwn  in  i  igures  \  I 

Su(K*rifnposcd  on  ihese  wind  neki'  anc  ( icv'sat  vvind 
sfiecd  esliinaics  vxcurnng  wiiluri  i  ii  oi  iuiidvasi  nine 
The  CieOsat  winds  (desciibe-d  in  Dobson  and  t  havkov 
sky,  this  volume!  van  (>e  iGcd  to  estimate  the  as,UJa,:v 
ot  the  hiiidcast  winds  I  sing  the  six  wave  o,sieins  ap 
parent  in  1  igures  4A-t  .  ihe  disciission  ihai  inliows  idem 
titles  ttie  souree  regions  m  selected  wind  fields  arid  aKo 
the  dilicrences  among  data  somccs.  expanding  iin  (he 
ptvssible  cause  ot  these  ditieiences  more  detailed 
meicofological  discussion  can  be  found  in  (  ardone  (itm 
volume).  The  diifcrences  will  be  discussed  in  icinis  o) 
partitioned  signilicant  wave  height  curves  meniioncd 
prevKiusly .  since  tliese  curves  average  out  secondary  six-, 
trai  sirucliire  while  retaining  the  more  imptirrant  duev 
tional  asfx-cts  ol  the  spectrum  fhe  discussion  includes 
the  first -generation  oik.I'  and  r.sowxi  models;  the  sec 
ond-gcneraiion  v  \g.  i  kmo,  ini'x,  and  \uxx  models; 
the  third-generation  w  am;  and  finally  the  avescan 
buoy.  Overlays  ot  the  partitioned  swu  curves  toi  these 
eight  data  sources  are  shown  in  1  igures  KA  F  toi  the 
wave  systems  1  through  5  of  Figures  4,\-(  . 

System  0  represents  low-energy  swell  (less  than  1  m 
svvtt)  present  in  most  of  the  hindcasts  prior  to  about 
(KKX)  UT  on  13  March.  It  may  be  traceable  to  the  south¬ 
west  (low  evident  at  about  dO^N.  SlEW  in  Figure  *,A. 
Since  system  0  ix'curs  near  the  beginning  of  the  hindcasi. 
variations  in  the  time  required  for  models  to  start  up 
may  result  in  the  differences  seen  here. 

System  I  (Fig.  8.A)  represents  the  swell  from  the 
Labrador  Sea  that  was  present  at  the  beginning  ot  the 
experiment  but  had  dtsappeared  by  the  time  the  first 
buoy  measurements  were  made  on  14  March  at  (M3()  UT 
The  swell  was  caused  by  the  low-pressure  system  cen 
tered  at  the  southern  tip  of  Cirecnland  in  the  iivvtx 
hindcast  wind  field  on  1 1  March  at  12(X)  UT  (Fig.  ’i.A). 
In  Figure  8.A,  the  nova  model  differs  the  most  from  the 
others,  exhibiting  a  maximum  swu  of  5  m  compared 
with  4  m  for  w  am,  t  kmo.  and  oiK.t’.  and  about  3.2  m 
for  \A(..  The  ngaa  model  also  retains  this  energy  about 
18  h  longer  than  the  other  models.  The  \  xc.  estimate  is 
lower  than  the  others,  and  it  persists  longer.  The  i  kmo 
model  displays  a  rapid  falloff  of  swell  energy  that  is  also 
seen  in  system  3  of  Figure  8C . 

The  waves  of  sy.sicm  2  (Fig.  8B)  arc  nearly  aligned 
with  the  local  wind  direction,  which  changes  from  north¬ 
easterly  at  about  1200  UT  on  12  'farcb  to  soiehcrlv  ?< 
1200  U  r  on  14  March.  At  first,  the  northcasieriy  waves 
are  generated  in  the  northwest  quadrant  of  a  low  pres 
sure  system  (sec  Fig.  7B),  but  gradually,  the  Tydeman\ 
sampling  location  at  45'’W  changes  with  respect  to  the 
moving  low  to  lie  vvithin  its  northeast  quadrant  (sec  Fig. 
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7C),  and  southerly  waves  are  experienced  at  the  Tyde- 
man.  In  Figure  8B,  all  the  models  show  a  similar  rate 
of  increase,  as  indicated  by  the  slope  of  the  curves,  but 
NOAA  lags  the  other  models  by  more  than  18  h.  The 
Wavescan  buoy  cannot  provide  total  verification  here 
since  it  did  not  begin  measurements  until  0430  UT  on 
14  March.  After  this  time,  noaa,  vac,  and  otxiP  all 
agree  with  Wavescan  fairly  well  (±0,5  m)  until  just  prior 
to  (KXX)  UT  on  16  March.  Perhaps  the  most  interesting 
aspect  of  this  wave  system  occurs  around  its  most  ener¬ 
getic  phase  from  about  1200  UT  on  13  March  through 
1200  UT  on  14  March,  during  which  time  the  i.kwex 
common  winds  show  a  wind  shift  of  about  120°  (see  Fig. 
7B-C).  The  wam,  ukmo,  and  hypa  models  agree  very- 
well  on  this  system  but  differ  considerably  from  the  other 
models  at  0000  UT  on  14  March.  The  odgp  and  vag 
values  are  both  lareer  than  the  others;  vac,  exceeds 
WAM,  UKMO,  and  hypa  by  nearly  1-m  swh  at  that  point. 

The  structure  in  the  swh  curves  for  wam,  ukmo,  and 
hypa  mirrors  the  variations  in  local  wind  speed  in  the 
region.  A  wind  sea  dominates  until  just  after  0(KX)  UT 
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on  14  March,  when  the  south-southwest  wind  sea  joins 
newly  arrived  swell  energy  propagating  in  nearly  the  same 
direction.  The  fact  that  swell  arrives  at  this  time  is 
demonstrated  in  a  number  of  ways.  The  Wavescan  data 
in  Figure  4C  clearly  show  this  swell  energy ,  w  here  sys¬ 
tem  2  compri.ses  two  distinct  wave  trains.  Also,  the  peak 
wave  direction  for  W  ASt  at  (XKX)  UT  on  14  March  exper¬ 
iences  a  jump  which  causes  it  to  lead,  rather  than  lag. 
the  local  wind  direction.  In  Figure  8B.  I’Kmo  and  w  .\m 
behave  nearly  identically,  and  the  hyps  data  arc  almost 
the  same  except  for  increases  around  1200  UT  on  15 
March  and  1200  UT  on  16  March. 

There  is  less  agreement  in  other  parameters  character¬ 
izing  this  wave  sysstem.  In  Figure  9,  the  peak  frecjuency 
is  plotted  for  the  various  models  and  Wavescan.  The 
wam  and  nypA  data  again  agree  well,  with  hypa 
presenting  a  noisier  locus,  as  usual.  The  s  sc,  and  (hx.i’ 
data  also  again  agree  well,  until  just  after  14  March, 
when  the  decreasing  wind  speed  causes  '  a<.  to  radiate 
low-frequency  swell.  Using  this  peak-frequency  measure, 
UKMO,  surprisingly,  does  not  agree  well  with  cither  w  vm 
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or  HVPA,  even  though  it  matched  nearly  identically  in 
swH.  Its  frequency  is  essentially  constant  at  1/10  Hz 
during  the  period  0000  UT  on  13  March  to  0900  UT  on 
14  March.  Over  this  same  period,  the  other  models  be¬ 
gin  at  1/8.5  Hz  and  finish  at  1/11  Hz  in  the  case  of 
WAM  and  HVPA,  and  1/13  Hz  in  the  case  of  otxiP.  The 
WAM  and  HVPA  curves  also  clearly  show  the  arrival  of 
I owfer- frequency  swell  at  0300  UT  on  14  March,  The  pure 
wind  sea  part,  present  before  14  March,  exhibits  a  con¬ 
stant  frequency  of  about  1/9  Hz  in  those  two  models. 

In  this  situation,  it  is  difficult  to  know  which  models 
are  describing  the  conditions  accurately.  Young  and 
Hasselman'*  performed  simulations  of  w  am  and  exaci 
Ni.  (a  model  in  which  the  nonlinear  resonant  interactions 
are  explicitly  computed  and  not  parameterized,  as  in 
WAM)  on  a  uniform  wind  field  that  suddenly  shifted  by 
multiples  of  30°.  In  the  model  that  uses  parameters 
(wam),  the  frequency  of  the  .spectral  peak  remained  al¬ 
most  constant  during  the  realignment  process,  whereas 
the  EXACT  Ni  model  showed  a  gradual  shift  of  the  spec¬ 
tral  peak  to  lower  frequencies.  The  shift  apparent  in  the 
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Figure  7.  LEWEX  common  winds  a!  (A!  1200  UT  on  1 1  March 
(B)  1000  UT  on  13  March,  (Ci  1000  UT  on  14  March.  iOl  120C  UT 
on  15  March,  (B  0200  UT  on  16  March.  (Fi  1200  UT  on  16  March 
and  (G)  0000  UT  on  17  March  The  Quesi  (50"N.  47  S'W  is  ind> 
caled  by  Q.  and  the  Tydeman  (50'N,  46’yV)  by  T  The  arrows 
indicate  direction  '  toward,"  with  length  prooonionai  to  wind 
speed  Superimposed  on  the  ievvex  winds  are  Geosat  wmo 
speed  estimates  occurring  within  i  n  of  lEwex  hmdcast  time 


i.iAVEX  winds  is  15°  per  3  h  during  the  24-h  perirKl  fol¬ 
lowing  12(X)  UT  on  13  March,  whereas  during  the  !5-h 
period  following  1800  UT  on  12  March,  the  wind  direc¬ 
tion  is  also  shifting,  but  at  only  one-half  its  former  rate. 
Over  this  latter  period,  w  am  and  oikip  track  each  other 
well,  suggesting  that  the  constant  frequency  behavior  of 
W  A.M  in  turning  winds  might  be  an  artifact  of  the  non 
linear  interaction  parameterization. 

An  alternative  explanation  places  the  onus  on  wind 
field  errors,  as  suggested  in  Figure  4C.  Wavescan  detects 
northeasterly  waves  of  frequency  1/9  Hz  from  0430  UT 
on  14  March  through  0000  UT  on  15  March,  after  the 
signature  of  these  waves  has  disappeared  from  both 
W  AM  and  other  model  spectra.  A  trace  of  these  north- 
easterlies  is  also  seen  in  the  first  two  points  of  the  VYavc- 
scan  curve  in  Figure  9.  It  is  possible  that  w  VM  is  actu¬ 
ally  the  most  correct  here  and.  if  the  easterly  winds  had 
been  prolonged,  that  w  am  might  agree  even  better  with 
Wavescan.  To  get  agreement  through  0000  L'T  on  15 
March,  however,  the  energy  in  the  southerly  waves 
would  also  have  to  increase.  It  seems  unlikely  that  this 
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Figure  8A-t  Partitioned  significant  wave  heights  tor  oogp 
WAM.  VAG.  UKMO,  MVPA,  GsowM  NOAA  and  Wavescan  at  50°N. 
45°W.  Wave  systems  1  through  5  are  displayed  m  Figs  A 
through  £,  respectively 
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Figure  9.  Wave  system  2  peak  frequency  for  odgp,  wam.  vag, 
UKMO,  and  hypa  models,  and  also  Wavescan  buoy  at  SO’N, 
45"W. 


aspect  of  the  wind  field  is  in  error,  since  the  \  -\c.  spectra 
agree  well  with  the  buoy  over  this  period.  This  situation 
at  0000  UT  on  14  March  represents  one  of  the  major 
di.screpancies  among  models  occurring  in  n  wt  \. 

The  northerlics  from  system  .1  result  when  the  low  that 
caused  system  2  dissipates  and  becomes  approximately 
centered  midw'ay  between  the  Tydeman  and  the  Quest 
at  47.5°W  (see  Fig.  7D).  The  northerlics  on  the  western 
side  of  the  low  build,  creating  a  northerly  wave  system 
at  the  Quest  and  a  north-northwesterly  wave  system  at 
the  Tydeman.  However,  the  local  wind  at  the  Tydeman 
remains  .southerly  throughout  this  period.  It  is  obvious 
from  Figure  8C  that  the  models  agree  better  with  each 
other  than  with  the  Wavescan  buoy,  which  shows  a  simi¬ 
lar  wave  system  but  one  that  lags  by  about  12  to  24  h 
and  is  of  longer  duration  than  the  models.  This  discrep- 


ancy  is  probably  caused  by  errors  iti  the  location  ot  litc 
generating  winds  north  ot  the  measurcnient  sites,  since 
there  are  very  tew  measurements  in  tins  region.  .A  re- 
hindcast  o!  the  1 1  wi  \  wind  t'icld  based  on  the  spectral 
signature  ot  tins  wave  system  ‘viis  only  partially  success 
ful  in  removing  this  lag  (Cardotie,  this  volume,  I  il.  X). 

Figure  8C  shows  subtle  dit'terences  in  mode!  behavior 
also.  The  v-u,  and  w  wt  models  show  nearly  the  same 
timing  and  rate  of  increase  of  wave  energy,  although 
w  -\M  shows  a  more  rapid  decay .  The  i  kmo  model  show> 
nearly  the  same  rate  of  increase,  hut  the  increase  occurs 
about  3  h  prior  to  either  w  a\i  or  v  .\o,  with  a  north- 
northeast  component  present  near  (XXX)  L;T  on  15  March 
not  seen  in  the  other  models.  The  rate  of  increase  for 
()ix;p  is  similar  to  the  prev  iously  mentioned  mtvdels  but 
lags  them  by  6  to  9  h.  The  and  t  kmo  models  also 
exhibit  a  more  rapid  decay  than  vv  vm  or  \  m...  The  out 
lier  among  the  models  is  nova,  exhibiting  both  a  slower 
rise  and  slower  decay.  The  ma.ximum  development  for 
NOAA  is  1.75  m,  lower  than  the  approximately  2,25  ni 
shared  by  the  other  models,  and  the  2.5  m  measured  by 
Wavescan.  Energy  in  the  second-  and  third-generation 
models  (except  i  kmo)  persists  longer  than  in  oik.i', 
showing  a  residual  0.5-m  swk  well  into  19  .March. 

Meanwhile,  another  cyclonic  feature  that  first  affected 
the  wind  fields  on  13  March,  visible  in  Figures  7B-Ci. 
builds  to  the  southwest  of  the  ship  locations.  It  intensifies 
until  about  CKXX)  UT  on  16  iviarch,  s'ill  well  to  the  south- 
w'e.st  of  the  ship  locations.  From  this  time  on.  if  is  the 
dominant  feature  in  the  region,  and  systems  4  and  5  are 
both  traceable  to  it. 

System  4  {Fig.  8D)  represents  a  nonhcasierly  wind  sea 
that  commences  in  the  model  hindcasts  at  about  12(K) 
UT  on  16  March  (see  Fig.  7F)  and  rapidly  evolves  with 
the  movement  of  the  low  to  a  southeasterly  sea  by  about 
03(X)  UT  on  17  March  (see  Fig.  7G).  The  1 1  w  t  x  w  inds 
show^  a  90°  shift  over  the  12-h  period  beginning  at  0300 
UT  on  16  March.  During  this  same  period,  the  Wave- 
scan  shows  an  even  larger  shift  of  about  150°.  The  wind 
speeds  and  directions  approximately  agree  over  this  peri¬ 
od,  but  the  Wavescan  shows  virtually  no  easterly  waves 
prior  to  0000  UT  on  17  March,  whereas  all  the  models 
(except  n(),a.a  and  gsowm)  show  development  of  a  nearly 
3-m  swH.  The  Wavescan  system  4  does  show  a  2-m 
southwesterly  development  at  about  12(X)  UT  on  17 
March,  which  lags  the  models  by  about  6  to  12  h,  and 
persists  until  18  March.  The  low  weakens  and  stalls  well 
to  the  south  of  the  Tydeman,  and  for  the  rest  of  the 
experiment  only  the  residual  southwesterly  swell  of  sys¬ 
tem  5  remains. 

System  5  (Fig.  8E)  represents  southwesterly  swell  that 
arrives  at  the  Tydeman  at  about  22(X)  UT  on  1 7  March 
according  to  the  W'avescan  but  much  earlier  in  all  the 
models.  From  Figure  8E,  the  modeled  swell  appears  to 
lead  the  measured  swell  by  about  18  h.  I  he  >  « ,t’  model 
shows  a  maximum  development  that  exceeds  the  other 
models  and  the  buoy  by  nearly  !-m  swti;  xoxa  and 
GSOWM  (not  shown)  both  agree  with  oik.I'.  I  he  i  kmo 
model  shows  a  chaotic  behavior  near  its  rnax.n  um  val¬ 
ue.  An  examination  of  Geo.sai  wind  speed  data  (sec  Dob¬ 
son  and  Chaykovsky,  this  volume,  for  a  description  of 
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the  avaiiublc  CiCvisai  data*  shows  itmi  vmiiJ  s|Hvds  .h  uk 
low -pressure  sssieiii  causinc  ihis  s\<.eh  iiiav  h.ivt  hecn 
o\ciCs!ii!iaied  in  the  tuuiud  (vno!  to  abou!  (XXXi  (  (  oit 
16  March  and  iindeicsiiiiuik'd  subseouciuK  lii  1  icurc 
"I;  in  particulai,  ihc  1 1  v  i  \  winds  exceed  she  (.eosai 
wifijs  bv  about  5  m  s  along  the  (leosat  f>ass  In  f  igure 
"F,  bvHvever.  ( icosai-measiued  voiids  exceeded  2*^  in  s 
when  the  citrrcsponding  1 1  w i  x-modelcd  vMuds  vccie 
only  i()  lo  lx  Ill  s.  It  the  winds  aciualK  peaked  Uuci 
than  modeled,  then  sxxel!  would  appear  to  arrive  eativ 
in  the  mtidds.  (  ardone  (this  volume,  f  ig  .X)  shows  a 
more  reeeiu  hindcasi  ttuil  produces  a  iaiei  swell  arrival 
time  in  the  oik, p  model,  nui  siili  iiiu  in  agieemeni  vviif. 
the  k5avesean  ilata. 

A \  i;  R  AC .L  I )  V  A  k  AM  1 . 11. K S 

Figure  Idshtvws  ihe  cvolulion  ol  the  average  trequeuev 
/,  and  direction  w,  computed  loi  each  vv  x\i  spectrum. 
1  ike  svvH.  these  arc  commonly  reported  quantiuc's  com 
puted  as  averages  weighted  by  the  spectral  detisiiy: 

t .  \  .M  /.  ti)  t  dt  dn  . 

fi,  ;irg  ^  .S(  /,  h)  c"  I  dt  dli  . 

These  ciuamiiies  are  simpler  lo  compute  than  the  par¬ 
titioned  quantities  of  Figures  6  and  8  hut  are  more  dil- 
fieull  to  interpret  for  a  multimodal  spectrum.  Spectra 
computed  during  16  .\farch  ao*  trimoda!  at  times,  so  the 
average  direction  is  meaningless.  The  siiiiaiioti  occurring 
just  prior  to  (XXX)  UT  on  13  March  is  also  difficult  to 
interpret,  since  it  represents  a  combination  ol  a  swell  sys¬ 
tem  with  an  orthogonal  wind  sea. 

An  averaged  direction  can  also  be  computed  for  each 
individual  wave  system.  In  this  case. .  ((,  arc  com¬ 
puted  in  the  same  vvay  as  prev  iously  described,  except 
that  /'and  ft  range  over  the  portion  of  the  spectrum  esti¬ 
mated  to  he  most  attributable  to  the  wav  e  system  under 
consideration.  Figure  II  shows  the  evolution  of  these 
parameters  for  i  kmo,  with  coloring  consistent  with  that 
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in  Figure  4B.  The  evolution  ol  these  parameters 
t  ^av )  is  more  continuous  than  those  plotted  in  Fig¬ 
ure  4B.  and,  tor  many  intervals,  they  provide  a  meaning 
t'ul  basis  for  comparisons.  .-Mso  apparent  in  Figure  1 1 
Ls  the  chaotic  nature  of  the  south-southwest  swell  present 
in  iiKMO  starting  on  17  March.  This  dichotomous  be¬ 
havior,  the  cause  of  which  is  unknown,  is  also  seen  in 
the  total  swH  of  Figure  2.  Finally ,  a  deficiency  of  the 
partitioning  method  is  apparent  in  Figure  1 1  between 
1200  UT  and  2300  UT  on  12  March.  During  this  time, 
wave  system  1  begins  to  take  on  the  characteristics  of 
wave  system  2  simply  because  they  overlap,  and  wave 
system  2  does  not  manifest  a  separate  peak.  In  this  re¬ 
gion,  the  separate  wave  systems  are  not  well  defined,  and 
the  reduced  parameters  should  be  interpreted  with  cau¬ 
tion. 

CONCLUSIONS 

This  article  has  focused  on  detailed  comparisons  of 
eight  numerical  models  with  the  \\'avescan  buoy  at  SO^N, 
45°W  during  the  itwFx  experiment.  Although  first-, 
second-,  and  third-generation  models  are  considered,  the 
differences  do  not  follow  “generational”  lines.  With  the 
data  sets  analyzed  in  this  article,  many  model-buoy 
differences  probably  could  be  reconciled  with  a  different, 
presumably  “more  correct”  wind  field.  For  example,  the 
north-northwest  swell  (system  3)  in  all  the  models  pre¬ 
ceded  that  of  Wavescan  by  about  18  h.  Wind  field  errors 
may  also  be  responsible  for  the  lack  of  easterly  waves 
in  Wavescan  relative  to  mo.st  of  the  models  just  before 
0000  UT  on  17  March  and  for  the  early  arrival  of  low- 
frequency  southwest  swell  in  all  the  models  relative  to 
Wavescan  early  on  17  March.  In  these  situations,  where 
the  models  were  in  agreement  among  themselves  but  dif¬ 
fered  substantially  from  the  buoy,  the  wind  field  might 
be  the  source  of  the  error,  but  to  date,  efforts  to  generate 
a  corrected  wind  field  have  been  only  partially  successful. 

Notwithstanding  uncertainties  in  the  wind  field,  how¬ 
ever,  there  are  clearly  a  number  of  model  discrepancies. 
The  differences  among  models  in  partitioned  swh  for 
system  2  between  12(X)  UT  on  13  March  and  1200  UT 
on  14  March  probably  result  from  differing  directional 
relaxations  in  the  models,  possibly  confounded  with  oth- 
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cr  effects  such  as  wind  sea  to  swell  traiisiisun  The  peak 
frequencies  also  vary  wideh  during  this  extuhI  \  siighiK 
diftcren!  wtfid  field  lot  this  Ittcallv  gcneiaied  tcaiurc 
might  show  w  XM  to  be  most  consistent  with  the  ase 
scan,  but  a  simulation  using  i  \-\i  i  m  may  he  iKvcsstny 
to  rule  out  the  fKKsibility  that  w  cm’s  behavioi  is  noi  an 
artifact  of  the  parameterization  of  the  nonlincai  miet 
actions.  Clear  model  dtflerences  also  ikcui  with  the 
southwest  swell  (system  5)  tiiward  the  end  o!  she  1 1  w 
i\  time  frame,  w  here  oik  if  is  higher  by  nearly  !  -ni  svsh 
than  the  other  nuxlels  and  cxhibtts  an  evolution  ol  peak 
frequency  quite  different  from  west, 

F  rom  a  methixlological  point  of  view ,  the  parmummg 
of  the  iv,o-dimensiona!  wave  spectra  permits  natural 
comparisons  between  data  sources  in  terms  of  each  of 
the  component  wave  systems.  These  comparisons  are 
more  revealing  than  those  using  averaged  quantities  such 
as  total  SWH  since  there  are  situations  in  1 1  wt  \  when 
the  significant  wave  heights  agree,  hut  the  directional 
spectra  are  very  different.  .Also,  each  of  the  five  1 1  wi  \ 
wave  systems  is  tied  to  a  distinct  meteorological  event. 
Partitioning  reveals  differences  between  these  buoy  and 
model  wave  systems  that  can  be  assCKiaied  with  the  de 
vclopmcnt  of  sparsely  observed  meteorological  events. 
Since  each  generating  region  is  spatially  and  temporally 
distina,  measures  that  average  the  entire  directional  spec¬ 
trum  mix  this  information  Such  average  measures  arc 
not  useful  for  inferring  corrections  to  the  surface  wind 
field  to  reconcile  buoy  and  model  estimates.  Moreover, 
the  data  sources  agree  vvcll  on  some  systems  but  not  on 
others. 

Spectral  partitioning  docs  not  mix  the  spectral  infor¬ 
mation  from  the  distinct  events,  so  it  could  be  useful 
in  data  assimilation  schemes  where  the  objective  is  to 
determine  wind-field  corrections  from  errors  in  mcvdclcd- 
vcrsus-mcasured  spectra.  The  partitioning  mcthtxl.  since 
it  does  not  mix  spectra!  signatures  of  distinct  meteoro¬ 
logical  events,  will  make  bciier  use  of  measured  spectra 
than  schemes  that  compare  only  the  direction  averaged 
over  the  entire  spectrum.  It  may  also  represent,  infor 
mally  at  least,  a  type  of  "sufficient  statistic”  that  con¬ 
tains  all  the  essential  spectral  information,  hut  m  a  highly 
compressed  form. 

Finally,  the  maximum  entropy  method  produces  be¬ 
lievable  directional  spectra  for  the  ^^'ave^can  buoy.  Fevery 
major  feature  in  the  buoy  spectra  had  an  analog  in 
model-predicted  spectra.  Where  differences  existed,  they 
were  generally  credible.  Moreover,  persistence  of  features 
in  a  scries  of  spectra  gives  an  informal  idea  of  the  sig¬ 
nificance  of  that  feature  and  its  variability,  at  least  par¬ 
tially  compensating  for  the  lack  of  a  variability  estimate 
on  any  one  spectrum. 
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FUTURE  DIRECTIONS 

IN  WHICH  THE  IMPLICATIONS  OF  LEWEX  ARE 
DEBATED,  AND  THE  FUTURE  ROLE  OF  WA  VE 
MODELING  AND  SATELLITE  REMOTE  SENSING  IN 
GLOBAL  CLIMATE  RESEARCH  IS  OUTLINED 


RESEARCH  NEEDS  FOR  BETTER  WAVE  FORECASTING: 
LEWEX  PANEL  DISCUSSION 


A  p-inci  JiNCUvsmn  iiui>  nO:  be  the  ^c^l  tufuivi  u»  pn>diue  icuMHicd  aieusncnsH  and  K'^kuI  P!>.h'!s. 
biu  It  does  proiiKHc  spoiuaiicous  eveiuiiigcs.  W  ithin  the  uriiruaidcU  t  .iiutiks  and  the  j^eiicratis  iooscl\ 
woven  tabne  vit  eoinersauoti  anioiie  eolieaviies  and  iriciids  is  an  oiitiine  of  oui  pcfi.eived  needs  tor  ic 
seatch  to  pronsole  beuer  wave  lotecasnite  I  he  ptoblcnis  and  lesearch  needs  pteseiUed  in  'Jio  edited 
panel  discussion  have  existed  tot  nuinv  sears,  but  adequate  i'bsefvattons  ttorn  satellites,  thouehifui  data 
assimilation  schemes,  and  a  bettet  understatidme  v>!  the  imdeflvme  ptivsic-  pionsisc  a  new  Jav  fcii  te 
search  m  numencal  wave  rorecasim,y. 

Vf 


Opentne  R. •marks 

ixixti  \N  I  hi.  iwi'  thine>  Uia:  iui'i-  me  ats'ui 
w!ue  'C  base  k'jrnss.i  in  ttivse  pa'l  Uass  aic  Uui;  I'l 

mietui'  tc  hi-  vciv  .arOtii  .iKhi'  iiiijcf 'iaiKlmy  wind'.  aiiJ 
i2)  i'  IV  apparem  ihat  al!  nuHJci'  Ju  nor  hass'  sunivicniiv 
avHhJ  agrceniciii  ihai  wc  i.m  t-n.-  i.ti!iip!ave!i!  atsne  oni  nn 
Jetstandiny  iit  fhc  iiusjfiini,'  phvskv  i  weiiid  like  :o  ask 
eu^ti  menit>er  oi  the  panel  '.o  vomnieni  ui;  !i<us  sse  shsuiid 
iiKU'  sHir  atlciVK'ii  tn  nie  near  nuitrc  nnpro-.e  wave 
raxlelini: 

i  /RSIS  I  tie  nu's!  impv'rian!  tinny  to  me  is  'he  Jit  eieiises 
I  nase  ohservctl  tii  the  varunis  c\r>er)mtn!ai  estimaies  s't 
’.he  wiikI  tiefvis  I  am  'til!  aoialermy  hovs  we  iivuid  n.orc 
aeeuraiely  lake  into  aeeoiin'  !"'e  leai  natuie  aiul  sanamiits 
ut  the  wind  1  would  itierclore  like  to  put  this  quesnon  hack 
to  the  modelers-  How  do  sou  plan  to  hetier  describe  this 
wind  sanahtliis  m  ->our  nuxlel'  and  dcmons-raie  wticther 
n  eaii.  in  turn,  iinpnwe  the  reMiits' 

HSSNl  K  Itiere  an-  sjuesnons  ahouf  the  models  We  need  !i> 
consider  the  eHect  ol  wases  on  the  dr,iy  cocrtioeni  and  then 
teed  that  eite-ct  nits'  (he  input  sour-wC  lunetu'ii  Proposed 
dissipation  sour-fC  lunoioiis  need  to  be  thofsnictils  icsicd. 
for  esampie,  wiih  (tie  estensise  set  ol  rncasuremcnis  prs> 
posed  tor  sw  \i)i  [Surtaec  SSasc  livnamus  I  spcrimen'. 
[Xmelan.  198")  in  the  winter  ol  t'NU  91  One  could  som 
pare  the  mode!  predictions  vvnh  various  assmptoti.  Unins 
predicted  lor  a  letch  hmiled  Mluation 

H  VSSf  I  \P\NV  In  this  ssmpiisium  we  have  -.een  sjx'ctra!  in 
tercomparisoii'  amonj:  nine  dittercnt  nuxlels  We  realls  do 
not  have  a  basts  tor  deciding  which  model  is  correct  ivr  wtiere 
the  model  errors  he  1  think  the  problem  lies  in  the  wmd 
held  I  think,  knowledge  ot  the  vsind  w  ncccssarv  to  tiedown 
rmxleiing  inconsistencies  in  'W  \oi .  tor  esampie.  that 
should  be  top  priontv  The  t  tvsi  v  anaivsis,  on  iis  present 
level  with  these  nine  models,  reminds  me  vers  much  ol  ihe 
analysis  we  did  with  the  wm  (Sea  Wave  Modeling  Proi 
ectl  Ciroup  studs  (198.11,  where  we  had  no  measured  wind' 
at  all  We  |ust  used  several  idcati/cd  wind  held  s.aH*'  lo  find 
out  how  they  were  working  diflerenilv  I  ihink  one  can  still 
do  a  very  nue  job  in  1 1  wi  \  on  this  aspect  ot  the  problem, 
but  to  assess  the  model  perlorrnanccs  in  absolute  terms  niav 
not  be  possible  My  suggestion  would  K-  ui  gi'  bes<snd  ihe 
sw  sMH  level  of  analysis.  Icxvk  at  the  problem  as  a  "totn!" 
wavc-mtxlc!  plus  wind-field  analysis  problem,  and  try  to  do 
a  data  assimilation,  or  inverse  modeling,  to  irv  iiv  gei  the 
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Red  s'’trtd  hcfJ  lo  ht  a  gnen  ^\avc  m<Kki  and  fhert  to  t'\- 
anntR-  the  tcja-uM'.  hctv^cctt  v-ind  fjcld  uniertaintJC'i  a  f 
nusdel  unccrtainnes  TliaJ  would  be  a  i>o^  approach,  at  leao 
?rorn  Uie  jx'utt!  ot  mcnv  ot  nuKlcImg 

!  j'.vt  \  ha>  a  -erv  ntce  ■^\h  Fynthcttk  aperture  radar!  data 
^e!  and  a  nice  -<'5  td  tiKxie!  result's  v\iih  Finn  meaMirmcntk 
The  Mcvesdata  set  js  ttniquc  hn  loolkirtg  at  the  v^ave 
Npectrtun  and  h->v\  ti'  nnert  u  I  ant  more  opnmistK  tha; 
vse  can  make  progrc''b  there  than  tn  tltc  identtbuitton  of 
the  model  crrorN.  H  vve  vsam  lo  understand  the  proHeno 
\sith  ihc  mtKicb  and  to  impro\c  the  phssK's.  wc  have  lo 
develop  thud  generation  nuxlels  further,  because  unen  su' 
Find  a  probiem,  lor  e\ampic.  ^»ccan  dexidc  if  it  o  the  hhucc 


1% 


t'unction  and  then  ti\  it  l!  we  hu\c  problentv  with  a  ti!>i 
or  second-geneniiion  mudel,  wc  arc  alwavv  tmkctmv  wiiii 
the  inode!  !ei>ul!>  and  not  with  tlic  a.  die  inode! 

JANSSHN;  1  agree  with  Mike  Itkinnerj  that  n  le  teal!',  higii  tmie 
to  look  at  the  sea-siaie  defwndenet  o!  t!ie  wind  -.na^s  At 
KMwi  lEuropcan  (  entre  tut  Medium  kaiittc  Wcathei 
1  orecastil,  wc  arc  attempting  to  couple  the  thud  gcncratioii 
w  wi  (Wave  Model)  with  the  k  viwr  aimo-ipheric  tiioile! 
V\  e  already  have  nonie  encouraging  miiia!  teciilis  I  ties  chow 
that  a  young  wind  vea  increases  stress  by  2(1® «  to  y(i®u 
\\  hen  compared  with  the  present  w  vsi,  the  incicasc-d  stress 
will  produce  taster  growth  in  the  initial  stages  that  iinghi 
be  fairly  imponaiu.  So  there  is  a  need  lo  couple  the  plane 
lary  boundary  layer  mode!  with  w  \m  Second,  there  is  a 
need  tor  intproved  knowledge  rit  wave  energy  dissipation 
from  wave  breaking.  .At  tiie  momcrit,  we  are  using  dissipa 
turn  as  a  source  term,  which  probably  works  very  well  lor 
a  wind  sea.  But  we  are  not  certain,  when  we  have  conipli 
cated  wind  sea  swell  cases,  whether  this  formulation  works 

1  have  two  comments  on  the  iiwix  iniercomparisons 
l.i  vvi  \  presents  a  unKjue  opfxrrtunifv :  we  are  companng 
two-dimensional  spectra,  both  measured  and  nioileled 
However,  it  is  not  clear  that  the  differences  ate  siatisiicallv 
significani.  I  have  not  seen  any  error  bars  People  ate  iden 
til'ying  peaks  and  directions,  but  probublv  the  mim!x-i  of 
degrees  of  freedom  m  those  peaks  is  so  small  iliat  I  really 
doubt  the  differences  are  significant,  .Second,  1  have  the  im 
pression,  looking  at  the  measured  spectra,  that  vve  should 
compare  only  mean  parameters,  such  as  mean  wave  height, 
mean  direction,  and  mean  angular  spread 

PHll  I.IPS:  1  think  this  has  been  a  fascinating  meeting,  and 
some  most  remarkable  results  have  been  presented.  There 
is  a  lot  about  the  results  that  both  confuses,  as  Klaus  [Has- 
selmannl  strid,  ind  also  stimulates.  We  have  a  set  of  nuxlefs 
that  .sometimes  produces  results  that  are  consistent  among 
theinselves,  but  are  very  different  from  what  a  buoy  seems 
to  produce,  Sometimes  there  is  no  agreement  even  among 
mixiels.  How  then  do  we  decide? 

It  is  clear  that  we  need  to  improve  the  connection  be¬ 
tween  the  modeling  and  the  observation.  Is  the  wind  field 
the  problem’’  That  seems  to  be  the  thing  that  we  blame, 
in  the  way  that  fluid  mechanicisis,  if  their  thcorv  and  c\- 
periments  do  not  agree,  always  blame  turbulence  W  c  can 
always  blame  the  wind  field  because  it  is  not  right  lo  star' 
with.  Have  we  used  all  the  physics  in  the  models  that  we 
need?  1  suspect  there  are  a  few  little  bits  and  pieces  even 
in  the  third-generation  models  that  are  left  out.  Should  one 
keep  track  of  all  the  very-low-energy  density  levels  in  the 
ocean  that  may  serve  as  a  starting  point  for  future  instabil¬ 
ities?  Presumably,  that  part  of  the  physics  is  involved,  but 
is  it  a  pan  that  we  are  going  to  keep  track  of?  There  are 
a  lot  of  things  we  can  do  with  the  iiwi a  data.  There  is 
a  lo:  we  can  still  learn  from  them. 

(X)B-SON:  My  first  comment  is  one  that  Bill  Pierson  will  ap¬ 
preciate.  I  have  now  been  to  four  conferences  of  this  na¬ 
ture  over  the  last  live  years,  and  at  every  one,  the  wind  spetxl 
and  the  wind  field  were  blamed  for  inconsistencies  in  mtxlcl 
results.  So  nothing  has  changed.  Having  said  that,  from 
an  experimentalist’s  point  of  view,  what  measurements 
might  ve  consider  over  the  next  few  years  in  order  to  fill 
some  of  the  gaps  that  1  see  here? 

The  first  one  i.s  a  set  of  careful  sea-state  versus  wind-stress 
intercomparisons,  with  microwave  sensors  present.  Klaus 
will  agree  with  me  that  that  is  absolutely  crucial  to  the  suc¬ 
cess  of  his  highly  optimistic  plans  for  coupling  wave  models 
with  atmospheric-oceanic  numerical  models  in  the  hope  ol 
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lies!  wind  wave  e\|XTiMient  It.is  !i>  dunk  hard  .itxiui  an  .tde 
quale  ineMMneiiK-iit  strategv  1  have  to  sav  the  same  thing 
alxnii  die  wind  mtasuicnienis 

IX)X1 1  \N  1  rout  the  preecvling  LOiuincnis,  it  soems  lu  me  iti.i! 
.1  lew  things  cinerge  as  re(>ic\cnting  a  quae  vleat  sonsen 
sus.  I  vole  with  the  si\  (v.inel  ineinbcts  vvlio  insist  that  sv'uiet 
luncnons  nevd  to  tx  improved  pvcrvime  agices  that  the 
wind  measurcmciiis  ixrd  to  be  nmre  caieliillv  dealt  with 
Hiese  seem  to  be  the  (wo  issues  th.K  ate  the  Cftiv  ot  the 
matter,  ihcie  is.  ol  sonise.  a  need  lot  nnicli  K'lict  niea 
surcitis'nts  of  vvaves,  as  well  as  ol  the  wind  Klaus  has  ixunt 
ed  out  that  the  svk  nuiv  be  a  gixx!  candidate  lo  measure 
the  vsaves.  Other  microwave  sensors  may  be  als(> 

The  poiiti  has  been  itiade,  pnnapulh  bv  Klaus,  that  ihinl 
eviwratum  wave  nuxlcK  are  needed  to  test  ihe  pliysics  In 
other  words,  the  nuxlcl  has  to  be  struct ui alb  correct  be 
fore  one  can  hope  to  use  it  as  a  tixsi  to  vleicrnmie  where 
the  physics  mav  be  m  short  supply 

Peter  (Janssen)  raised  the  issue  ot  stausiical  tests,  which 
111  nn  view  is  one  ol  the  things  that  emerge'  nuvst  clearly 
liom  inicrcomparisvins  o!  this  son,  \ke  do  not  tcalls  have 
the  necessary  structure  to  say  what  is  correct  and  what  is 
not,  or  how  well  one  estimate  computes  with  anothci.  al 
though  Tom  Cicrimg  (this  volume)  has  made  some  strides 
in  the  right  direction.  W  e  need  a  consistent  set  ot  staiisiical 
crilena  that  everyone  ag rex's  on 

Wind  Measurements 

Pll  ksov  I  have  beet!  interested  in  measiirenient'  ot  the  wind 
for  a  verv  long  time,  esen  txdorc  Skylab  and  Seasat.  when 
problems  ol  validating  the  wmd'  reerwered  by  a  scaiicrom 
cier  by  means  e'f  conventional  data  first  c;ime  up  It  is  im 
possible  to  gel  a  decent  10-  or  20-mmult'  average  Imni  a 
conventional  ship  anemomciet .  Most  observers  are  stv  fxxsriv 
trained  that  they  often  cannot  even  obtain  tnie  wmd  irom 
relative  wind.  Most  nnxlern  ships  have  micmprixx'ssors  that 
eouid  keep  a  running  aceouni  i>l  the  wmd  speed  and  drrcc 
tion,  nisi  as  if  the  ships  were  data  buovs  i  urge  improve 
mcnis  eouid  be  made,  nisi  by  automating  the  ptesem  ship 
observations.  The  pixrrest  p.tramelei  in  a  convcrifiona!  ship 
report  is  the  vvmd  data,  but  it  may  be  the  casicsi  to  correct . 

My  second  fxnni  is  the  piopagaiion  ot  swell.  1  tom  what 
I  base  seen  vvt  the  various  second-  and  third  generation 
models.  I  think  manv  of  them  do  not  propagate  swell  cevr- 
rectly.  Wave  propagation  w  equallv  important  in  areas  I'i 
wave  generation,  so  that  mam  ol  the  discrepancies  loiiiul 
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by  Ckrling  (for  example,  the  tendency  tor  all  niodcK  to  pre 
diet  the  arrival  of  swell  earlier  than  it  wa.\  actually  mea¬ 
sured]  may  be  partially  explained  by  this  error.  If  swell 
arrives  too  soon,  then  it  also  lelt  the  area  where  it  vvas  itenor- 
aied  too  soon.  The  waves  in  the  areas  of  wave  iteneration 
diminish  too  soon  when  the  wind  dies  down.  1  t>r  validat¬ 
ing  forecasts  of  sea  plus  swell  with  frequency  spectra  off 
the  west  coast  of  any  continent,  1  think  that  within  one  win¬ 
ter,  from  the  data,  it  vvill  be  clear  that  w  wi  is  not  doing 
it  right.  You  might  look  at  techniques  used  in  the  first 
generation  stiwxt  (Spectra!  Ocean  Wave  Model;  Pierson. 
1982).  Great  circle  propagation  on  a  sphere  is  not  difficult 
The  envelope  of  each  spectral  component  should  be  trans¬ 
lated  at  its  group  velocity  each  time  step,  with  no  change 
in  form.  (For  this  problem,  l.agrangian  methods  arc  su¬ 
perior  to  Eulerian  methods. | 

ARCHER:  Regarding  this  problem  of  accurate  wind  measure¬ 
ments  from  ships.  Peter  K  Taylor  of  los  (Institute  for 
Oceanographic  Science,  VVormley,  U.K.)  has  been  work¬ 
ing  on  it.  The  only  way  he  has  been  able  to  get  good  wind 
measurements  is  with  instruments  mounted  over  the  bow. 
They  are  now  so  equipping  wsio  (W  orld  Meteorological 
Organization)  ships. 

The  Inversion  Problem 

PHILLIPS:  1  would  like  to  suggest  that  an  effort  be  made  to 
use  all  the  measuremeni,s  during  iXMi\  that  were  gathered 
from  the  buoys,  the  aircTaft  overflights,  and  so  fonh.  Each 
certainly  has  its  own  limitations,  but  surely  they  could  be 
put  together  in  some  way  to  get  an  optimum  estimate  of 
the  wave  field.  Each  of  those  measurement  devices  has  its 
own  transfer  function,  and  the  spectra  we  see  are  the  end 
result  of  those  separate  transformations.  For  example,  there 
is  a  lot  more  information  contained  in  the  s(  r  (surface  con¬ 
tour  radar]  spectrum,  which  could  serve  as  a  constraint  on 
what  you  might  call  the  “true"  specirum.  Of  course,  the 
SCR  has  its  own  limitations,  but  all  these  sensors  are  sup¬ 
posed  to  be  measuring  roughly  the  same  thing,  even  though 
each  is  reporting  something  different.  It  should  be  possible 
to  produce  an  optimum  estimate  of  the  wave  field,  using 
all  the  information  you  have  available.  Such  a  goal  is  wonh 
pursuing. 

HASSELMAN.N:  If  I  understand  Owen's  (Phillips]  comment 
correctly,  it  is  the  same  question  that  1  was  asking  about 
the  inverse  modeling  problem:  Can  you  get  from  the  ob 
served  wave  data  and  the  observed  wind  data  to  an  optimal 
estimate  both  of  the  wind  and  wave  field  simultaneously? 

I  think  you  can  solve  that  problem  only  if  you  have  a  wave- 
model  for  a  dynamic  interpolation  in  space  and  time  be¬ 
tween  the  rather  few-and-far-between  measurements.  At  the 
same  time,  you  need  the  wind  input  to  whatever  extent  it 
is  available.  Then  you  try  to  find  the  best  fit  to  all  of  the 
available  data  that  is  consistent  with  the  dynamics  of  the 
wave  model.  I  think  if  one  tries  to  go  through  that  exercise 
with  the  LEWEX  data,  one  would  learn  a  lot  about  the 
models  and  also  about  the  ability  to  reconstruct  wind  and 
wave  data  simultaneously.  This  is  the  problem  we  will  be 
facing  very  much  in  the  future,  when  we  begin  to  acquire 
global  wind  and  wave  data  sets  from  satellites  again.  The 
I  Ev,  EX  data  set  is  a  good  opportunity  to  pick  up  that  chal¬ 
lenge,  and  to  gain  some  experience  in  one’.s  “backyard," 
with  a  smaller  data  set,  over  a  reasonably  well-defined  area. 

DOBSON:  Ju.st  a  brief  addition  to  that,  Klaus,  I  think  that  there 
is  another  part  that  needs  attention.  Of  course  we  have  to 
look  at  the  inversion  problem.  But  we  must  continue  to  cal¬ 
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tielore  we  will  progress  on  olhet  froms 

Wind  Variability 

til  -\/.xt.-\N  A  commeni  atxnn  wind  lariabihu  In  both  wase 
ilicory  and  nKsisuremcnis.  it  t.s  common  to  use  tlic  mean  wuid 
selocity  Huwc.ci.  the  wsiritspimdiag  wave  number  [k]  s(xx 
tra  lor  air  motion  are  dominated  by  an  menial  range  that 
has  the  form  k  or  even  A  The  magniiudc  ol  this  e.x 
ponem  is.  in  a  cenam  sense,  rather  small,  equivakmi  to  a 
cascade  pattern  in  the  geometry  ol  the  wind  field  or  in  its 
tentporal  history.  As  a  result,  the  avaages  are  dilfauli  to 
define;  sindly  speaking,  a  "rirprcsentatisc"  averaging  peri¬ 
od  for  the  wind  docs  not  exist  .An  altcmaiise  approach  to 
the  specifiaition  of  such  multiscalc  fields  is  bang  descloped. 
based  on  fractal  and  multiple  fractal  formalisms  |Schcn/er 
and  l.ovcjoy.  1989]  This  approach  appears  promiyirig  also 
bexause  it  gives  an  adequate  charactenzaiion  of  the  highly 
intermitteni  (gusty]  field  of  an  moiion. 

Open  ocean  waves  are  usually  highly  developed,  where¬ 
as  in  iiwi  x,  one  is  often  dealing  with  a  rather  ixxirb  de¬ 
veloped  sea.  The  inverse  wave  age  (ratio  of  wind  vekx’ity 
io  wave  phase  velocity)  is  typically  greater  than  one  or  iwo, 
or  even  three.  .As  a  result,  thac  exists  a  significant  portion 
of  the  wave  spectrum  where  the  energy  flows  to  larger  scales. 
This  inverse  energy  cascade  is.  1  think,  important  for  wave 
modeling.  Since  the  energy  evenlually  must  be  dissipated 
somewhere,  the  inverse  cascade  necessitates  alternative  dis¬ 
sipation  mechanisms  effective  at  large  scales.  For  example, 
one  may  consider  large-scale  internal  waves  or  currents  as 
a  possible  sink  of  wave  energy  . 

PHII.I.IPS:  Energy  transfer  to  larger  scales  is  already  intrinsi¬ 
cally  in  the  third-generation  mtxlel.  in  the  wave-wave  in¬ 
teraction  calculations. 

KATS.AROS:  1  wonder  what  the  wind  variability  might  do  to 
the  wave  field.  The  models  perform  so  differently  from  the 
measurements.  Could  it  be  that  these  fluctuations  in  the 
wind  generate  something  that  interacts  crosswise?  Might 
there  be  some  kind  of  extra  dissipation  or  changes  in  the 
model  a.ssumplions  that  could  come  from  these  subscales 
that  are  not  described  in  the  wind  field?  Might  there  no! 
be  errors  from  the  various  grids  that  were  used? 

JANSSEN.  Gustiness  has  an  enormous  effect  on  the  growth  of 
the  waves,  especially  the  longer  waves,  which  are  affected 
by  a  factor  of  2  or  1  have  been  looking  only  at  the  large- 
scale  effect,  bui  it  is  enormous. 

PHILLIPS:  Perhaps  one  should  reexamine  some  of  the  older 
measurements  on  wave  growlh.  After  all.  random  functions 
that  depend  upon  each  other  in  an  other-than-linear  way 
are  not  going  to  be  related  according  to  their  means  Per¬ 
haps  instead  of  trying  to  express  our  mtxlels  in  terms  of 
an  average  wind  speed,  we  should  use  the  cube  root  of  the 
average  cubed  wind  speed,  or  something  like  that,  depend¬ 
ing  upon  the  physics  that  is  involved.  If  we  look  more  carc- 
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tully  at  the  physics,  to  lind  out  sshut  Uuiction  oi  the  vsind 
speed  is  producing  it.  we  might  get  u  lot  less  scaitet  its  some 
of  our  experimental  plots 

lANSSliN:  1  think  we  can  do  that  already .  I  hc  usual  wind 
growth  curve  is  lairly  nonlinear.  So  Cierbrand  [Komcn]  and 
I  have  looked  at  the  tluctuation  m  the  spectrum  with  the 
proper  probability  distribution  function  I  rom  that  we  can 
calculate  the  effect  of  nonlinearity. 

Surface  Currents 

\  Al.t;NZUt;l  A  1  think  we  do  need  better  measuremeii!  ot  the 
wind  field,  but  gctisirophic  eurreiiis  may  also  be  tttiponam 
l.cKai  currents  can  focus  and  deftKus  waves.  Vr'u  may  hate 
to  do  a  modeling  of  waves  with  and  without  currents.  Con¬ 
verging  wave  rays  do  not  neces.surily  identify  the  source  lo¬ 
cation. 

HASSELMANN:  This  is  an  issue  also  lor  sw  vui .  My  view 
IS  that  current.s  are  not  very  imponant  in  the  (Kean  for  most 
of  the  waves  we  are  looking  at,  since  we  do  iu>i  have  a 
monochromatic  wave  field  in  the  ocean  bin  a  continuous 
spectrum.  1  think  a  typical  eddy  current  field  will  quasi- 
focus  only  small  pans  of  the  spectrum  at  a  given  time.  The 
eddies  just  mi.x  up  the  wave  field,  and,  as  we  have  a  Gauss¬ 
ian  wave  field  anyhow,  they  will  not  be  noticed  in  a  rea¬ 
sonably  broadband  measurement  of  the  spectrum  .Across 
a  large  shear  zone  like  the  Cmif  Stream,  they  might  be.  but 
1  would  think  that  even  there  the  eddies  would  not  be  very 
important.  W  e  are  planning  to  do  some  experiments  with 
w-\M,  both  with  and  without  large  eddies,  to  see  what  ef¬ 
fect  they  have  on  the  wave  field.  In  jonsw  -m-,  tidal  currents 
of  1  m/s  really  had  a  negligible  influence  on  the  observed 
waves.  But  I  agree  it  is  certainly  a  question  to  look  at. 

HOLTHUIJSEN  [added  in  proof]:  Recently .  in  the  fall  of  1989. 
Hendrik  Tolman  and  1  transported  waves  across  a  ring  and 
across  a  straight  section  model  of  the  Gulf  Stream,  courte¬ 
sy  of  Scott  Glenn  of  Harvard,  with  a  third-generation  wave 
model  that  included  all  relevant  wave-current  interactions. 
The  computed  wave  modulations  were  significant,  some¬ 
times  creating  a  significant  wave  height  enhanced  from  8 
to  10  m  in  the  countercurrent  part  of  a  ring  The  modula¬ 
tions.  in  general,  were  restricted  to  an  area  of  about  two 
ring  diameters. 

Friction  Veiocity 

MITSUYASU:  In  this  meeting,  I  was  surprised  to  find  rapid 
progress  in  measuring  techniques,  in  analysis  techniques, 
and  also  in  numerical  modeling.  But  1  would  like  to  stress 
the  importance  of  fundamental  studies.  In  my  opinion,  we 
have  presently  exhausted  the  stock  of  good  results  of  fun¬ 
damental  studies.  So  we  need  again  to  accumulate  good 
data.  1  would  like  to  show  one  example. 

These  [see  Fig.  1]  are  laboratory  data  on  the  growth  rate 
of  waves  under  wind  action  [Mitsuyasu  and  Honda,  1982, 
Fig.  15].  At  first  sight,  the  result  appears  to  show  a  reliable 
relation  between  dimensionless  growth  rate  of  water  waves 
and  dimensionless  friction  velocity  of  wind.  However,  be¬ 
cause  the  coordinates  are  logarithmic,  there  is  actually  large 
scatter  in  the  data.  The  scatter  is  larger  for  waves  contain¬ 
ing  a  surfactant,  that  is,  for  waves  with  a  smooth  .surface. 
These  data  were  obtained  from  a  very  carefully  controlled 
experiment.  The  friction  velocity  u.  is  also  mea.sured  very 
carefully.  Therefore,  there  still  remain  problems  in  under¬ 
standing  even  such  a  fundamental  process. 

PIERSON:  The  major  difference  between  wam  and  other  models 
is  that,  in  wam,  dimensionless  variables  have  been  pa- 
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Fi9ure  1.  Dimensionless  gtowtn  rate  o*  waves  as  a  function 
ol  wind  (nction  velocity,  txitn  witn  surfactant  (solid  cuciesi  ana 
wiinout  Surfactant  (open  circles!  iRepnnied.  witn  permission 
from  Mitsuyasu  H  ,  and  Honda.  T  .  tVmd  induced  GfOwin  of 
Water  Waves. '  J  fiuidMecn  123,  p  440.  19B2  by  Cambridge 

University  Press,; 

ranietcrized  in  terms  of  u.  instead  o!  the  mean  wind  ai  a 
lO-m  height  This  has  a  very  imponam  implication,  having 
to  do  with  the  fully  developed  sea.  The  first  important  pa¬ 
rameter  from  any  model  is  the  significant  wave  heighi  lot 
a  fully  developed  sea.  In  the  recent  paper  describing  w  ssi 
[Wave  Model  I>evclopment  and  Implementaiion  Group 
iwAsioK.i.  1988).  one  can  pick  off  the  asymptoiic  value  for 
large  fetch  and  put  that  into  the  dimensionless  energy,  \k  ith 
a  modest  amount  of  algebra,  one  can  get  the  significant 
wave  heighi  as  a  funaion  of  the  lO-m  wind.  It  turns  out 
to  be  equal  to  a  con.siani  times  the  square  of  the  lO-m  wind, 
plus  a  second  constant  times  the  cube  [Pierson,  I990|.  \Vc 
have  been  working  for  many ,  many  years  with  the  concept 
that  the  significant  wave  heighi  is  proportional  to  the  square 
of  the  10-m  wind.  One  could  try  to  sec  which  assumption 
looks  better  compared  to  the  Ewing  and  Laing  [I987|  sig¬ 
nificant  wave  height.s  for  a  fully  developed  sea,  expressed 
in  terms  of  the  lO-m  wind.  The  w  am  assumptions  make 
quite  a  difference;  for  example,  they  dra.sticaliy  change  the 
behavior  of  the  first-generation  tisowst  [Global  Spectral 
Ocean  Wave  Model).  The  waves  grow  much  more  quickly 
at  high  winds.  Up  around  15  or  20  m  s,  they  are  much 
higher  than  the  .square  law  would  predict  for  the  w  am  drag 
coefficient.  There  is  a  spread  of  about  5  m  in  height  for 
three  or  four  of  the  most  popular  representations  of  the 
drag  coefficient  in  the  simple  version,  where  drag  coeffi¬ 
cient  is  proportional  to  some  constant  plus  a  second  con¬ 
stant  limes  the  lO-m  wind.  The  crossover  point  is  about  12 
or  13  m/s.  Below  that,  fully  developed  seas  are  lower,  and 
above  that  they  are  higher.  It  might  be  worthwhile  to  check 
this  discrepancy  in  as  many  ways  a.s  possible. 

H.ASSfcl.MANN  Both  of  the  previous  speakers  have  made  very 
good  points.  First  of  all,  what  Pr -fessor  Mitsuyasu  was  -.ay  - 
ing  is  very  true.  We  are  now  discussing,  for  example  for 
WAM.  switching  to  a  different  input  source  function  that 
has  this  «;  dependence,  based  entirely  on  lab  data  We 
really  do  not  have  in  my  view  good  convincing  field  data 
that  would  force  us  to  switch,  except  for  some  secondary 
effects  regarding  the  momentum  transfer.  But  what  really 
forces  us  to  switch  are  these  lab  data,  so  1  would  very  strong- 
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ly  support  the  need  to  do  more  haste  studies  lor  tlic  luodeh 
ing.  We  cannot  depend  etuireK  on  the  field  data;  we  are 
very  much  dependent  on  sorting  out  the  dil  ierent  pro^v>'- 
es  in  the  lab. 

From  the  point  of  view  of  the  amplitude,  or  [x-ak  fre¬ 
quency,  you  can  live  with  the  present  source  function  of 
w-vvf  or  with  the  u\  source  function.  It  does  not  reulh 
make  much  difference,  because  the  dissipation  term  can  tx- 
tuned  to  get  the  same  results.  The  main  difference  between 
the  two  source  functions  is  in  the  momentum  transfer,  which 
depends  niore  on  the  high  frequencies  .Again,  1  think  we 
would  not  have  been  forced  so  strongly  to  cirnsidet  cluing 
ing  our  source  function  if  we  did  not  have  these  very  good 
lab  data. 

To  come  to  Bill  Pierson’s  point,  it  is  obviously  very  im 
portant  whether  vve  have  a  u,  or  a  (wind  speed  at 
KTm  height]  dependence  in  our  source  function  if  the  drag 
cvxrfficient  is  a  function  of  wind  speed.  W'e  looked  at  that 
question  because  we  are  aware,  of  course,  that  we  would 
get  much  higher  wave  heights  at  the  higher  wind  speeds  than 
we  had  before.  We  talked  to  a  lot  of  people.  The  general 
feeling  was  that  it  was  okay  to  go  to  i/.,  and  we  do  indeed 
get  the  higher  wave  heights,  but  the  data  supported  it.  Be¬ 
cause  most  people  agreed.  1  myself  was  very  comfortable 
just  to  rela.x  and  believe  it.  But  if  anybody  wants  to  look 
at  the  data  more  closely  and  say  that  we  should  go  back 
to  C'lo,  we  would  immediately  do  it,  because  we  really  do 
not  care,  from  the  point  of  view  of  modeling.  We  simply 
put  into  the  model  whatever  the  latest  theories  on  wave 
growth  tell  us.  In  summary.  Bill,  we  did  look  at  the  data 
before  we  made  that  change.  We  were  aware  that  it  was 
an  important  change  at  high  wind  speeds. 

PHILLIPS:  Underscoring  the  importance  of  u,  versus  t',„.  al¬ 
though  Professor  Mitsuyasu  did  not  mention  it.  the  results 
he  showed  were  plotted  versus  a.,  but  the  mean  winds  at 
a  given  value  of  u,  varied  by  a  factor  of  2.  as  t  recall,  be¬ 
tween  the  absence  or  presence  of  a  surfaaant.  Only  when 
you  use  the  u.  does  the  scatter  collapse.  The  mean  winds 
corresponding  to  a  given  w.  were  very  different  in  the  two 
cases. 

DOBSON:  On  Klaus’s  remarks,  there  are  two  important  points. 
One  of  them  is  in  the  usage  of  the  model  going  from  6j„ 
to  which  I  understand  Bill  was  talking  about.  The  oth¬ 
er  is  in  the  calibiation  of  the  model.  Both  are  imponant; 
both  matter  in  the  final  result.  You  say  in  the  recent  vv.\,m 
paper  [w  amdio,  1988]  that  we  should  refer  our  results  to 
u,.  People  who  calibrate  your  model  use  L'm-  They  have 
to  use  some  drag  coefficient  to  produce  a  result  in  u,  so 
that  they  can  provide  something  for  you  to  calibrate  your 
model  with. 

PHILLIPS  [with  humor):  Sounds  a  bit  circular  to  me. 

JANSSEN;  Regarding  the  m,  scaling,  if  you  assume  the  Char- 
nock  relation  for  the  roughness,  you  analyze  the  boundary 
layer,  then  you  Just  end  up  with  u.  scaling.  There  is  no  way 
around  it. 

DOBSON;  That  produces  a  number  quite  similar  to  all  of  the 
long-fetch  L/m  versus  u,  relations  if  you  use  the  Charnock 
relation.  It  does  not  reproduce  the  wave  age  dependence 
that  people  like  Mark  [Donelan]  see. 

JANSSEN;  Oh,  no.  That  is  why  we  are  looking  at  it  now. 

LEWEX  Error  Bars 

DUFFY;  I  would  like  to  turn  back  to  an  earlier  point  regard¬ 
ing  verification  of  models  and  how  we  do  that.  Peter  Jans- 


vcn  made  a  miumcitl  abi<ii’.  vtisM  baii,  atui  i  .nn 
il  ihe  iian  'li>i',  haw-  vame  Miyuv-vimilv  o!  iuivv  siu',  miyli', 
lx- cviablishcd  hi  she  aSllUl^piic: i,  ac  'uivt 

deccn!  dala  ^ivci  ilic  vviiiiiiicn-.'.  Ske  vat!  da  tniv  eiiDf. 
,:onelalK)r.  tocllivieiiiv.  and  -.vi  t'n  But  the  dasa  in.i:  arc 
atiHind  lv>r  wave  iiisidcl  veiitivaiioi!  puipviwv  dv>  n>i‘.  sceiu 
to  tx-  accuiuic  ciiouch  ui  da  lint'  Aiv  the  p.usfisv'.-.  --uy 
gcv'.ine  ttc  nneh:  da  wmiv  daLi  impavl  -ludies.  periiap'.  its 
the  St  mi  hern  Hemisphere,  evaiiiiuiiie  diileieiii  'vjK-s  a!  daui, 
trying  to  gei  an  idea  a!  haw  tiu'se  dala  aie  tiamiled  n;  :he 
models  so  iha!  we  can  verilv  fhem’ 

HASSl  I  MANN:  I  was  iiiii  iiiysell  iciribiv  vunveincd  wnii  ilnv 
problem  ot  errof  bars  in  1 1  vvi  1  think  all  vse  have  to  da 
Is  pul  an  error  bar  on  the  pla;  k\c  know  havs  big  is  is  foi 
iikist  ol  these  sjx-cira  anvwav  1  did  not  nndetstand  1  red 
lX>bson's  comineiu  earlier  thai  the  data  were  vstx-luilv  m 
adequate  to  test  the  mtidels,  unless  he  was  reierrine  !t'  .i 
sompass  error  of  30'  or  so.  which  occasiotuilK  apjx-arcd 
in  one  of  the  buoys.  But  apart  from  that,  we  have  a  laitK 
etxxl  idea  of  tuvw  gtxKl  these  maxitiKim  emnipy  techniq  ics 
are  for  reproducing  ivvo-dimcnsional  spectra.  I  had  the  im 
piession.  from  the  strueture  o!  the  spectra  that  we  saw.  tiia! 
they  could  be  well  reproduced  by  the  tnaMiiuim  entropv 
techniques.  In  other  more  ctmvcmionai  spectra,  ti  is  just 
a  question  of  the  number  of  degrees  of  treedom.  So  1  did 
not  think  it  was  important,  Maybe  1  am  contused  there. 
It  would  be  gotxl  practice  obviously  to  put  in  the  error  bar 
so  people  know  how  many  degrees  of  freedom  you  have 
But  in  nearly  all  the  nwiv  data,  it  really  was  not  a  big 
problem. 

IX)BSO\:  The  only  things  I  fell  badly  about  were  that  there 
was  only  a  single  measurement  at  each  ship  and  that  there 
were  big  differences  between  the  modeled  and  observed 
wave  field  ai  each  ship,  .And  I  thought  that  these  single  mea¬ 
surements  were  inadequate  to  define  the  measured  wave 
field.  There  were  some  escelicni  wave  measurements  from 
the  s-vsA  aircrali  instrumcnis.  I  only  wish  that  there  had 
been  more. 

IXJNEl.AN:  This  raises  a  more  general  question.  Do  we  need 
some  statistical  structure  different  from  Ihe  rather  loose  one 
we  have  now  in  order  to  compare  models?  And  should  a 
group  like  this  try  to  develop  that? 

Ship  As  Wave  Sensor 

BALES;  Perhaps  the  ship  is  the  best  wave  sensor  of  all.  Know¬ 
ing  the  wave  field,  you  can  repeat  over  and  over  in  a  low¬ 
ing  tank  the  ship  responses,  to  say  lOt'o.  through  about  sea 
state  6.  In  Trondheim.  Peter  Kjcldsen  iv  recreating  the  mo¬ 
tions  of  the  ship  that  were  measured  at  sea.  given  his  best 
estimate  of  the  wave  field.  Owen  Phillips  suggested  earlier 
that  none  of  us  would  agree  on  which  model  is  most  cor¬ 
rect,  We  might  consider  developing  a  standard  set  of  ship 
response  transfer  funaions  that  could  be  applied  to  all  types 
of  wave  data. 

DONELAN;  Wouldn't  the  same  thing  be  true  of  buoys?  How 
does  a  ship  differ  from  a  buoy  in  thai  regard? 

BALES:  1  do  not  think  we  have  a  good  handle  on  the  fv-degree- 
of-freedom  motions  in  a  buoy.  Buoy  manufacturers  might 
disagree.  There  is  a  wealth  of  theory  going  back  thins  years 
for  predicting  ship  responses.  It  seems  to  work  very  well 
now,  both  in  unidirectional  and  bidirectional  seas. 

HASSEI.M.ANN:  I  think  many  of  you  probably  know  that  this 
idea  wa.s  followed  up  by  Tucker  in  his  shipborne  wave 
recorder.  There  is  one  problem:  you  can  determine  the  ship 
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response  given  the  wave  field,  bu!  gome  back  lo  itie  wave 
field  from  the  ship  motions  is  more  eoinplieated  loi  a  ship 
than  it  is  for  a  buoy.  Thai  was  the  mam  reason  rliai  people 
switched  to  buoys  and  gave  up  the  shiphorne  ocean  wave 
recorder.  1  think  Bill  Pierson  hini'cll  worked  t|uiic  a  bu 
with  those  data  and  was  not  too  happy  with  them  \h 
recollection  was  that  the  dattt  were  not  as  useful  as  one 
hoped  they  might  be, 

IXfNEI.AN  (with  humyrrl:  1  orgive  me,  Klaus,  hui  I  have  the 
suspicion  that  getting  iVotn  the  ship  nnnion  to  the  wave  tieid 
is  probably  no  more  diftlculi  than  getting  troin  the  s\k  im 
age  to  the  wave  field, 

H,*\SSKL,M,‘\NN:  It  is  a  question  of  the  plultorm  vektcity,  I 
know  the  velocity  of  a  svr.  There  is  no  captain  out  there 
fooling  around, 

PIERSON:  The  Tucker  shiphorne  vvave  recorder  wc>rks  best 
when  the  .ship  is  hove  to,  or  progressing  at  perhaps  a  knot 
into  head  seas.  There  were  problems  in  calibration  wuh  the 
Tucker  recorder.  The  most  ta.scinating  thing  ever  di  ne  wav 
to  put  the  accelerometer  on  what  we  in  the  I  ,S.  cal.  a  I  ct- 
ris  wheel  and  measure  the  acceleration.  It  worked  .urprts- 
ingly  well  at  very  low  frequencies.  The  equilibrium  s;x‘ctral 
form,  proposed  by  Pierson  and  Moskowitz,  and  which  led 
to  the  SOWS!,  was  developed  using  these  data,  .Also,  you 
can  control  the  vector  velocity  of  the  ship,  change  tts  head¬ 
ing  every  10°  in  a  steady  sea,  and  get  a  long  record.  Then 
there  is  the  horrible  problem  of  matri.s  inversion  to  pull  out 
the  spectral  components.  You  could  not  dream  of  trying 
it  five  years  ago.  but  today  you  could  do  it. 

Model  Seeding  Mechanisms 

HOLTHUIJSEN:  I  have  been  puzzled  that  in  w  .\m  there  is  no 
Phillips  mechanism.  I  was  not  overly  concerned  until  re¬ 
cently.  In  w.\M,  it  is  not  really  a  problem,  because  an  ini¬ 
tial  spectrum  stans  off  the  model.  But  that  initial  spectrum 
has  moved  out  of  the  model  after  a  few  days,  if  then  the 
wind  turns,  there  is  nothing  in  the  new  wind  direction  to 
start  the  waves  from.  So  you  may  have  a  much  slower 
growth  because  the  initial  spectrum  has  moved  out  of  the 
model,  and  there  is  no  Phillips  mechanism.  1  do  not  quite 
understand,  if  the  computational  effort  is  marginal,  why 
we  do  not  put  that  mechanism  back  into  w  .\m? 

HASSELM.A.NN:  Maybe  we  could  put  that  mechanism  in  as  a 
trigger  to  get  things  going.  I  guess  that  is  the  point  you  are 
making.  It  is  apparently  a  very  small  term  if  you  just  con¬ 
sider  the  measurements  of  pressure  fluctuations  in  the  at¬ 
mospheric  boundary  layer  and  make  a  reasonable  assurtrpiion 
on  how  they  are  distributed  in  the  wave  number  domain. 
You  require  the  spectral  density  of  that  wave  number  distri¬ 
bution  on  the  dispersion  curve.  That  triggers  the  growth,  and 
you  come  up  with  a  factor  that  is  about  l(J  '  smaller  than 
anything  that  you  need  in  a  model  to  get  thing,'  going.  So 
1  really  do  not  think  it  is  a  very'  important  term.  The  mech¬ 
anism  is  still  extremely  interesting,  though,  as  a  physical  pro¬ 
cess.  The  reason  it  is  small  is  because  it  goes  as  ( Pair '  )'. 

rather  than  simply 

But  I  think  Leo  Holthuijsen's  point  was  that  one  would 
like  to  have  something  to  trigger  the  waves.  He  is  quite  right. 
The  waves  start  off  at  very  high  frequencies.  The  way  they 
start  does  not  really  matter  very  much,  because  the  time 
it  takes  to  grow  through  to  equilibrium  is  .short.  So  the  mod¬ 
el  is  not  sensitive  to  how  you  seed  the  energy  at  high  fr"- 
quencies.  But  you  do  have  to  have  the  energy  in  there  in 
the  beginning.  Because  w  am  has  a  prognostic  cutoff  fre¬ 
quency  of  0.4  Hz,  we  very  often  do  not  have  any  energy 
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wind  wa  wish  rathet  high  viofv,-.  and  iiic  lumliiu.ii  ■lan-U- 
can  pick  up  piei'y  quicklv  Iroiii  'lia'.  and  briny  p  iii 

I'KIl  I  It’"'  \ev.  the  nonlincai  sraiisk-t  wiH  cen.iinK  do  wiii 
cf  01  laid.  Hu'  I  wonder  whcihd  m  ii.i’ni!.'  ‘he  umJ  mpii: 
inso  ihocc  Umeci  compoiiciu--  r-  not  biiiidiiii'  'he  eiidev  up 
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H-yssl  1  \I  \SN  Well,  she  wind  mpn'  o  a:  ’he  w.r, e  iiioOei  .i- 
well 

1‘Hll  1  IPS  ^  ou  have  the  Mile-  nie.hanivni.  vvinch.  is  biiiidiiip 
II  up  too.’ 

H  NSSl.l  \1-\NN  Well.  1!  iv  a  hyivoihvviv  we  have  no?  levied,  bin 
wc  have  the  lecling  tnat  thiv  hieh-liespiencv ,  low 
background  energy  that  iv  vluvhing  around  in  the  vKcan  all 
the  time,  after  the  model  has  been  spun  up.  niay  not  tx' 
high  enough  10  get  the  wave  spectrum  built  up  i|uickly 
enough  when  the  wind  turns  suddenly.  '1  ou  mav  be  right; 
li  we  aeiually  kiok  at  the  Miles  mechanism  more  closely, 
it  may  be  adequate,  but  1  don't  really  ihink  so.  I  should 
mention— we  did  licit  discuss  u  in  this  meeting— tluit  we  have 
been  finding  with  one-year  statistics  ol  a  quasi  opera'oona! 
forecast  study  that  w  vvi  tends  to  be  loo  slow  m  buikitni 
up  rapid  events  in  the  ocean  W  e  have  a  mimK-t  of  ditter 
ent  hypotheses  as  to  what  the  cause  of  this  could  be.  TItat 
is  one  of  the  hypotheses  that  we  arc  considering.  But  we 
do  not  really  know  at  this  point  what  the  answer  will  he 

1K)B-S()N:  I  have  listened  to  David  Burridge  from  ti  siwi  talk 
ing  about  this  same  problem  with  storms,  that  is,  that  the\ 
are  uxi  slow  lo  spin  up  in  the  ifsiwi  model.  He  had 
thought  that  it  probahK  had  t(i  do  with  some  teedback  be 
tween  the  w;ivc  field  and  the  wind  tieid 

Hftl  IHl  l,(,Sl  N  (added  in  proof),  '  an  \  ledder  o)  Delli  1  m- 
versiiy  rceentiy  (summer.  IWd]  did  some  tests  wuh  the  per 
sonal  computer  version  of  w  n\i  with  the  Phillips  nicch 
anism  added.  He  found  vinlv  marginal  effects  on  the  wave 
growth  in  turning  wind  cases.  Apparently,  the  nonlineai  m 
leraeiioiis  provide  enough  “seeding  " 

Operational  Significance 

K.:i  l  I>SEN:  I  have  seen  the  nmh portion  ot  n  wi  \  grow  iiom 
the  first  idea  in  1984,  under  the  leadership  oi  Susan  Bales 
and  Warren  .Nethcrcole.  as  part  o!  the  wi'i  Research 
Study  Ciroups  (uso  1  and  ksi.  .^).  'I'lieir  mam  inter esi  in  1 1  w 
iwvas  as  an  experiment  to  both  improve  safety  at  sea  and 
aid  the  efficient  operation  ot  vessels  in  higli  sea  states  W  hat 
you  have  seen  at  this  sympoMum  is  only  a  small  tragnient 
of  the  work  that  actually  has  been  done  in  the  area  ot 
modeling,  predicting,  and  applying  directional  wave  spectra, 
that  is.  one  sea  trial  consisting  (if  five  daw  of  ckita  acqiiisi 
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tion  in  relatively  Unv  sea  states  A  siatistieal  approach  tv' 
use  all  sensors  simultaneously— airborne,  shipborne,  anti  in 
siiu  wave  sensors— has  ixten  proposed,  wherein  each  scnsiti 
is  assigned  a  vveight,  which  is  computed  alter  an  assessment 
o!  errors  ba.sed  on  statistical  comparisons  wuh  a  common 
key  sensor,  .A  more  complete  account  ot  the  ks<.  i  is  asaii 
able  as  a  wio  publication  |ksv,  >  report.  1^)41). 

It  wave  I'orccasts  aic  to  become  practical  operationally, 
I  sec  no  way  to  avoid  developing  a  nonlinear  algorithm  tot 
wave-current  interactions.  As  a  portion  of  ii  wi\,  direc 
tional  spectra  were  measured  in  a  strong  current  shear  be 
tween  the  l.ahrado  t  urrent  and  the  Gulf  Stream.  A  freak 
wave  was  also  measured  in  this  area,  close  to  a  busy  ship 
route  [Kjeldsen,  '^891.  The  effect  ol  meandering  on  the 
directional  spectra  is  pronounced  [Saeveraas  ei  ah,  19881 
The  rm.s  crest-front  steepness  of  the  indiv  idual  waves  m  the 
time  series  is  wel.  correlated  with  the  moments  derived  from 
the  wave  spectra. 

\kave  forecasts  and  hindcasis  have  already  been  run.  giv¬ 
ing  mis  crest-front  steepness  as  a  new  wave  parameter  f  rom 
here,  the  ne.yt  step  to  prepare  a  forecast  for  plunging  break¬ 
ing  waves  i'  easy  and  already  under  preparation,  based  on 
data  assimilation  in  real  time  from  satellites,  with  current 
and  wave  data  combined. 

There  Ls  a  need  tor  iniprovemeni  of  in  siiti  measurements. 
Within  a  recent  Norwegian  experiment  in  the  Nonh  Sea, 
some  wave  buoys  capsized  in  1  !-m  significant  wave  heights. 
In  i.fWE.x  some  of  the  same  buoys  surv'ived.  but  the  mea¬ 
surement  scatter  among  them,  even  m  low  sea  states,  i.s  too 
high. 

The  direaiona!  pattern  of  gravity  waves  obtained  recently 
in  high  sea  states  is  different  from  the  results  obtained  in 
low  sea  states  during  i.E-wrx.  Rsc,  i  and  Rst. ;  have  therefore 
put  much  more  effort  in  sea  trials  that  took  place  before 
and  after  i.ewi-x  [see  the  articles  by  Nethercote  and  Kjeld¬ 
sen  in  this  issue].  During  the  transit  of  the  Tydeman  from 
Europe  to  Newfoundland  just  prior  to  kwex,  DeLuis 
[1988]  performed  a  hindcast  with  two  wave  models  using 
UKMo  [U.K.  Meteorological  Office]  wind  fields  as  input  to 
both  models.  There  was  a  disaepancy  of  40%  between  these 
two  models  in  their  prediction  of  significant  wave  height 
during  a  severe  gale  in  the  North  Atlantic.  Vk'ith  access  to 
several  independently  prepared  national  wave  forecasts, 
there  exists  an  opportunity  to  prepare  a  weighted  forecast 
to  be  used  for  large-scale  coordinated  operations  at  sea,  such 
as  search  and  rescue.  At  present,  a  one-hundred-year  design 
wave  is  prepared  for  the  offshore  industry,  using  a  hindca.st 
database  from  only  one  wave  model.  The  use  of  a  weighted 
hindcast  would  be  a  considerable  improvement. 

The  few  days  of  measurements  taken  during  i  twtx  do 
not  provide  an  adequate  basis  for  an  assessment  of  wave 
model.s.  Longer-term  wave  statistics  based  on  full-,scale  mea¬ 
surements  are  needed  to  perform  a  complete  scientific  valida¬ 
tion  of  wave  models.  Sw  suk  can  be  an  important  milestone 
in  this  area,  i  agree  with  Su.san  Bales  that  we  should  develop 
a  standard  set  of  ship  response  transfer  functions  from  the 
i.EW'Exdata.  Also,  i  would  like  to  emphasize  that  we  are  in¬ 
terested  in  safety  at  sea,  due  to  the  many  accidents  wc  have 
had  in  Norway.  Therefore,  we  are  interested  in  the  reliability 
of  the  wave  forecast.  In  such  an  evaluation,  a  long-term  study 
would  reduce  the  discrepancies  among  the  various  models 
that  were  evaluated  in  i.fwtx. 

BROWN;  As  Peter  Kjeldsen  ha.s  said,  we  clearly  need  better  data 
in  large  sea  states.  The  topics  of  this  symposium  include 
measuring,  modeling,  predicting,  and  applying.  Most  of  the 
emphasis  so  far  has  been  on  the  measuring,  modeling,  and 
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I  xneiiJC  Waves 

IR'M  1  -W  Since  two  ^hip  people  have  raised  poiniv  o!  llin 
sort.  I  would  like  lo  mention  something  ttiai  siriKk  me  this 
morning  f.ariiei  in  (he  week,  we  talked  afKnii  vanou-- 
•ispccts  ot  the  physics  that  seem  lo  fK‘  in  sinin  supply .  Dur¬ 
ing  Mi,  Buck  lev  \  preseiiiuiion.  1  vvas  struck  bv  anothei 
thing  that  sci'ins  to  me  a  linie  surprising  I  wonder  what 
the  theoreticians  iti  particular  think  abeuii  ii,  that  is.  the  ap 
pearaiice  of  these  walls  of  water  that  ate  called  "episiKlic 
waves"  or  "rogue  wases."  They  appear— at  least  in  the 
records  that  1  have  seen  reported,  and  the  ship  people  can 
correci  me  if  1  am  wrong— ti>  occur  in  only  one  size,  the 
economy  size,  the  really  large  size.  I-verything  that  wc  know 
about  waves  suggests  that  all  of  these  things  should  K‘ 
scaled,  and  so  you  should  be  able  to  see  similar  effects— 
although  you  would  not  notice  them  with  the  same  degree 
of  panic— on  a  sery  much  smaller  scale  in  a  similar  sea 
[)oes  that  strike  you  as  surprising  ’  Does  anyone  want  to 
comment  em  that? 

Bl  t  Kl.IA  .  We  have  something  of  a  paradox  here,  f  irst  of  all. 
1  believe  that  as  far  as  the  mechanics  of  nonlinear,  energy 
conserving  waves  is  conccTtied,  what  Dr.  fXinelan  suggests 
regarding  the  scaling  of  epi.scxlic  wavcv  is  airrcxl.  But  as  far 
as  observation  at  sea  Is  concerned.  I  am  not  sure  that  such 
waves  will  be  observed  in  smaller-scale  seas.  The  reason  for 
this  IS  that  I  suspect  the  two  types  of  cpiscxiic  wave  packets 
(i.e..  "three  sisters"  and  rogue  waves)  are  nonlinear  evolu¬ 
tions  of  the  steep.  long-cTested  wave  Jsee  F  ig.  2].  lioth  the 
ship  masters  and  Coast  Guard  officers  whom  1  have  inter¬ 
viewed  indicated  that  this  "parem"  wave— most  common 
of  the  epistxlic  types— would  be  encouriered  only  if  a  storm 
with  a-ntral  winds  of  at  least  25  to  ^0  m  s  was  in  the  viani- 
ty  (ship  masters'  comments)  or  if  waves  at  least  6  m  high 
in  a  storm  were  being  encountered  JCoast  Guard  officers' 
comments)  If  my  conjcxlure  is  correct,  these  wave  types  will 
not  be  seen  until  the  parent  waves  have  been  generated. 
Given  a  seaway  that  is  almost  invariably  short-crested, 
how  do  we  end  up  with  a  single,  huge,  long-crested  wave'* 


Figure  2.  Example  of  an  unusually  large  long-crested  wave 
(Reprinted  with  permission  of  the  American  Bureau  of  Shipping. 
Surveyor.  May  1968.  p,  23  ) 
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The  wave  cresi  is  pcrt'ectK  straight.  How  does  it  grow  troni 
a  group  of  short -crested  waves  to  a  huge,  long-crested  wave 
just  breaking  on  the  lop?  There  must  be  tt  mechanism  lor 
that  wave  to  acquire  energy;  otherwise,  it  vvould  not  grow 
laterally.  There  is  apparently  also  a  mechanism,  and  it  is 
obvious  in  the  photo  {Fig,  2),  for  dissipating  energy.  Other¬ 
wise,  a  large,  short -crested  wave  would  result,  \  tsual  ob¬ 
servations  of  these  waves  also  suggest  that  they  may  be 
nondtspersive,  at  least  within  an  observer’s  field  ol  view. 
The  long-crested  uniform  height  of  the  wave  implies  that 
it  evolved  over  a  fairly  long  time,  not  briefly  as  m  the  case 
of  a  typical  short-crested  wave.  The  governing  equations 
must  account  for  simultaneous  acquisition  and  dissipation 
of  energy,  which  is  different  from  the  usual  modeling  of 
conservative  gravity  waves. 

Also,  in  some  of  the  radar  wave  images  frtim  satellites, 
the  waves  are  moderately  long-eresled,  but  every  now  and 
then  some  are  inclined  to  the  general  wave  direction  at  fairly 
sizable  angles,  perhaps  15°  or  20°,  Why? 

H-^SSELM.^NN:  If  you  watch  from  a  plane  flying  over  the 
ocean,  you  also  see  waves  going  at  a  different  direction  from 
what  you  expect.  These  can  normally  be  explained  away, 
by  a  theoretician  at  least,  as  being  just  random  Gaussian 
fields  that  you  would  expect  occasionally.  But  this  freak 
wave  that  you  described — have  these  waves  really  been 
recorded  quantitatively  so  that  you  can  get  theoreticians  up¬ 
set,  or  are  they  just  discussed  in  narratives? 

BUCKLEY:  There  are  several  different  types  of  storm-driven 
waves.  So-called  episodic  waves  are  those  that  visually  stand 
apart  from  the  others  in  the  sea.  They  are  very  clear,  so 
that  observers  have  absolutely  no  trouble  telling  you  about 
them.  You  suggest  they  are  part  of  a  “random  sea.”  but 
believe  me,  these  waves  stand  apart.  The  type  shown  in  the 
photo  is  the  most  common,  as  far  as  I  know.  Coast  Guard 
officers  characterized  them  as  occurring  every  seventh  or 
ninth  large  wave  in  a  severe  storm. 

The  other  type  are  the  so-called  three  sisters  waves,  a 
group  of  three  waves  that  intervene  in  the  seaway.  Two 
Coast  Guard  officers  told  me  you  can  see  ihe.se  waves  com¬ 
ing  at  an  angle  of  about  30°  from  the  dominant  wave  direc¬ 
tion,  with  a  distinct  intersection  between  this  group  of  three 
and  the  other  large  waves  in  the  sea.  Waves  of  a  similar 
character  have  been  observed  to  evolve  from  .steep,  long- 
CTested,  regular  waves  as  the  result  of  nonlinear  instabili¬ 
ties  (see  Fig.  19  in  Su  et  al..  1982|.  The  intersection  was 
described  as  “walking  toward  you.”  These  waves  coming 
in  at  an  angle  are  also  of  an  appreciably  longer  period  than 
the  others.  Ship  radars  have  tracked  these  wave  groups  ap¬ 
proaching  the  observers. 

PHILLIPS:  TTiere  is  a  lot  to  learn  about  waves.  It  is  not  impos¬ 
sible  that  there  are  a  few  things  of  this  kind  still  to  be  learn¬ 
ed.  After  all,  h  was  only  twenty  years  ago  that  we  first  realized 
that  a  train  of  finite-amplitude  waves  was  unstable.  The 
Benjamin-Feir  instability  was  discovered  fairly  recently.  And 
there  has  been  a  lot  of  numerical  work  on  the  instability  of 
periodic  waves.  I  would  not  be  a  bit  surprised  if  there  is  not 
some  sort  of  “in,stabilrty  phenomenon.”  or  maybe  you  can 
imagine  something  on  a  storm-size  scale  analogous  to  the 
wavemaker  developed  by  Ken  Melville  [mit]  that  changes  its 
frequency.  There  may  be  some  combination  of  winds  that 
produces  high-frequency  waves,  and  then  low-frequency 
waves  that  converge  at  one  point  to  give  you  a  couple  of 
great  big  waves.  The  fact  that  it  is  long-crested  suggests  that 
it  comes  from  a  distance.  It  is  not  a  random  local  superpo¬ 
sition  or  anything  like  that.  If  it  is  a  real  phenomenon,  it 
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Of  course,  we  do  nol  know  what  it  is.  so  we  iiist  speculate 
l.ct  me  speculate  intire  eorisertatneh .  Maslx-  these  lieak 
waxes  do  not  presenlK  come  out  oi  tuir  niodeL  But  it  o 
quite  possible  that  it  >ou  take  the  snuilt-seale  eusiiiiess  u! 
the  wind  into  account — instead  ol  haxine  just  the  norma! 
homogeneous  Gaussian  fields  with  a  certain,  rnaxbe  noi  verx 
large,  probabilifs  of  something  drastic  happening  on  a 
smaller  scale — sou  can  get  a  mtKlulation  of  iltai  tiaussian 
field.  3ou  suddenis  get  a  large  local  rnis  expectation  sal 
ue.  Then  maybe  you  could  dsi  sonieihing  in  the  was  ol 
producing  freak  svaves  just  bs  chance  superposition  But 
thai  is  just  pure  speculation. 

In  the  present  models,  sshai  Bill  Pierson  was  referring 
to.  and  I  think  it  is  quite  true,  is  that  sse  base  not  rcalls 
calibrated  or  tested  the  models  with  respect  to  the  dissipa¬ 
tion  of  sssell  over  long  distances.  The  reason  we  have  not 
done  that  is  that  vve  do  not  have  good  data  at  this  point 
.^nd,  of  course.  Bill  ssas  also  complaining  about  our  dis¬ 
persion  of  sssell.  ss'hich  Liana  Zambresks  (this  solumc) 
shossed  in  ss  \M,  and  sse  also  saw  in  the  xxss  model  ol 
Dean  Duffy  (this  volume),  sshich  does  excessively  spread 
the  wave  energies.  On  the  other  hand.  1  refrained  from  say¬ 
ing  anything  about  your  pres  ious  leehniquc.  Bill,  because 
you  were  doing  the  "water  sprinkler"  technique,  which  sse 
knoss  is  also  not  good.  .So  sshai  you  really  need  is  a  mtsdei 
which  ha.s  a  linear  dispersion  as  the  waves  propagate,  and 
none  of  the  present  numerical  .schemes  do  that.  On  the  other 
hand,  looking  at  the  errors  that  we  have,  we  do  not  think 
this  drspersion  problem  is  a  major  one  at  this  point.  Other¬ 
wise.  we  would  all  be  much  more  upset.  It  is  vers  ea.ss  lu 
quantify  and  understand.  If  you  want  to  improve  it.  you 
just  go  to  a  higher-order  scheme,  if  you  think  it  is  worth 
the  effort.  So  1  do  not  think  it  is  a  big  problem  to  do  that. 
But  ju.si  to  go  back  to  what  we  used  to  use,  the  sort  of  pure 
Lagrangian  propagation,  with  a  little  bit  of  jumping  around 
from  one  gnd  point  to  another,  does  not  have  the  right  char¬ 
acteristics  for  a  spreading,  finite-bandwidth  wave  packet. 

PIERSON  (added  in  proof):  The  water  sprinkler  technique  for 
osossM  did  not  originate  wTh  me.  The  method  used  in  the 
sowM  can  be  ca.sily  applied  to  spherical  coordinates.  Waves 
do  not  diffuse,  they  disperse, 

HOLTHb'USEN:  Van  Vledder  [I983I  looked  at  the  statistics  of 
wave  groups,  and  he  die/  find  that  roughly  every  sixth  or 
seventh  is  the  highest  wave.  So  there  is  observational  evi¬ 
dence  that  every  sixth  or  seventh  wave  is  the  highest. 

PIER.SON  [added  in  proof):  E.xtreme  waves  are  difficult  to  un¬ 
derstand.  but  they  have  been  modeled.  Cummins  (19621, 
Smith  and  Cummins  [1964],  and  Davis  and  Zarnick  [1964] 
created  extremely  high  transient  wave  forms  for  the  study 
of  ship  motions.  Unfortunately,  the  analysis  tools  and  the¬ 
oretical  concepts  at  that  time  were  inadequate.  These  tran¬ 
sient  waves  are  very  nonlinear,  and  these  techniques  do  not 
appear  to  have  been  pursued  by  naval  architects.  Present¬ 
ly,  two  laboratories  in  Canada  and  one  in  the  Llnited  States 
have  produced  extremely  high  breaking  waves  for  various 
purposes,  but  most  of  their  results  are  not  yet  available  in 
the  literature. 
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Closing  Remarks 

Pl  RRIt  .  Do  you  think  1  uan  hopi;  that  all  these  1 1  «i  subset 
vations  will  be  understood,  so  that  it  I  dianite  the  w  ws 
iTKKiel  or  introduee  a  new  dissipation  funetion,  1  ean  eo 
back  to  this  data  set  and  cheek  it  with  the  buoy  data  and 
all  the  obsersatioris  and  be  able  to  understand  whether  1 
have  made  an  improvement  or  not? 

V\’hat  about  the  Geosai  winds?  1  am  very  naive  abi'ut 
how  those  are  derived.  W  ill  they  improve  the  wind  lield? 
What  is  the  tic.xt  step  beyond  this  present  eomparison? 

BbAL  [added  in  prewf]:  The  next  step  w  ill  he  to  prcxluce  a  per¬ 
manent  record  of  the  1 1  vvi  \  mtercomparisons,  including 
accurate  documentation  of  the  measured  and  nuKleled  spec¬ 
tra.  But  I  realty  doubt  that  the  1 1 wt  \  observations  will 
ever  allow  one  to  choose  unambiguously  w  hich  model  is 
superior.  .As  Peter  Kjetdsen  has  commented,  a  much  longer 
database  is  required.  Geosat  passes  during  1 1  vvi  \  are 
sparse,  but  should  at  least  illustrate  the  spatial  structure  of 
the  wind  field  errors. 

That  open.s  an  opportunity  for  me  to  raise  a  ques¬ 
tion  regarding  the  role  of  future  remote  sensing  systems. 
How  can  the  planned  sik-c  sak  flight  be  coupled  with  the 
European  i  rs-i  scatteromeier  to  improve  our  understand¬ 
ing  of  winds  and  wave.s  over  global  scales? 

JANSSEN:  One  could  u.se  the  sm-c  sar  spectra  in  a  wave  as¬ 
similation  scheme,  supplemented  by  the  winds  derived  from 
ERS-i,  and  show  that  they  improve  the  wind  analysis  over 
the  ocean.  This  improved  wind  analysis  sho'.ild.  in  turn,  im¬ 
prove  the  wave  field  analysis. 

DONEE  AN:  This  seems  to  be  a  good  point  to  call  it  a  day.  1 
believe  Bob  Beat  has  some  closing  remarks.  Does  anyone 
on  the  panel  have  anything  else? 

PHILLIPS:  I  would  like  to  thank  Bob  and  the  people  who  were 
responsible  for  the  local  arrangements.  They  have  done  a 
.splendid  job  for  all  of  us  during  these  la.st  three  days. 

BEAL:  To  the  panelists  and  to  the  audience,  I  want  to  express 
my  appreciation  for  your  many  insights  and  candid  criti¬ 
cism.  Your  comments  will  be  part  of  the  record,  and  will 
certainly  influence  the  way  we  handle  the  data  and  the  way 
that  we  look  at  this  problem  in  the  years  ahead.  An  impor¬ 
tant  step,  of  course,  will  be  to  produce  a  written  record  of 
the  i.EW'EX  results  that  can  be  reviewed  by  the  wave  com¬ 
munity.  At  the  very'  least,  t.EWEx  has  stimulated  many  new 
ideas  on  how  to  conduct  future  open  ocean  experiments, 
such  as  sw  ADE,  the  ers-i  validation  and  application  efforts, 
and  the  sir-c  ers-i  wave  intercomparison  work.  Perhaps 
the  most  valuable  contribution  of  i.ewex  will  have  been  to 
serve  as  a  unifying  force  to  bring  together  those  who  pre¬ 
dict  and  measure  ocean  waves  with  those  who  must  live  and 
operate  in  them. 
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EPILOGUE:  WAVES,  DREAMS,  AND  VISIONS 


By  Klaus  Hasselmann 


As  a  guesi  ai  this  conference  who  has  not  been  directly 
involved  in  Lt'WEx  [Labrador  Sea  Extreme  Waves  Ex¬ 
periment],  1  can  genuinely  and  convincingly  extend  my 
congratulations  to  all  of  its  participants  for  carrying 
through  this  ambitious  project  so  successfully.  It  has  long 
been  a  goal  of  wave  research  to  compare  detailed  m  situ 
directional  wave  buoy  measurements  with  various,  po¬ 
tentially  very  powerful,  remote  sensing  methods  ot  mea¬ 
suring  the  two-dimensional  wave  spectrum,  to  make  such 
measurements  simultaneously  at  a  sufficiently  large  num¬ 
ber  of  stations  to  reconstruct  the  space-time  history  of 
the  two-dimensional  spectrum,  and  to  combine  all  mea¬ 
surements  in  a  comprehensive  wave  model  intercompar¬ 
ison  study.  1  think  lew'e.x  is  the  first  experiment  that  has 
really  succeeded  in  bringing  these  three  important  aspects 
together.  There  is  clearly  still  a  long  way  to  go  to  com¬ 
pletely  analyze  all  the  many  data  sets  and  model  simula¬ 
tions  that  have  been  presented  at  this  meeting,  but  w  hat 
we  have  already  seen  has  been  very  impressive.  The  suc¬ 
cessful  completion  of  the  field  exercise,  and  the  collec¬ 
tion  and  presentation  of  the  extensive  suite  of  in  situ 
measurements,  remote  sensing  data,  and  model  hindcasts 
in  a  common  format  together  represent  major  accom¬ 
plishments.  This  well-organized  analysis  has  provided  a 
unique  and  impressive  overview  of  the  entire  experiment 
and  has  set  a  clearly  defined  frame  within  which  all  par¬ 
ticipants  will  be  able  to  interact  effectively  in  their  fur¬ 
ther  in-depth  investigations. 

It  is  still  too  early  to  predict  whether  it  will  be  possible 
to  successfully  disentangle  the  significant  differences  we 
have  seen  among  the  various  model  hindcasts,  and 
whether  one  will  succeed  in  attributing  these  differences 
uniquely  to  particular  shortcomings  in  particular  models. 
As  often  in  the  past,  a  major  challenge  will  be  to  recon¬ 
struct  the  wind  field  with  sufficient  accuracy.  Neverthe¬ 
less,  there  is  no  doubt  that  this  experiment  has  provided 
the  best  data  set  to  date  for  testing  two-dimensional  wave 
models  in  real,  complex  wind  situations,  and  one  can 
safely  predict  that  the  experiment  will  generate  many  in¬ 
teresting  new  ideas  and  open  up  new  avenues  of  research. 
Let  me  therefore  extend  my  sincere  congratulations  to 
the  entire  lewex  group. 

I  thought  this  might  be  a  good  excuse  to  indulge  in 
some  personal  fantasies  and  visions,  particularly  about 
the  future  role  of  wave  modeling  in  the  evolving  geo¬ 
sciences  of  the  nineties.  I  have  attempted  this  sometimes 
in  the  workshops  of  the  wam  [Wave  Model]  Group.  My 
inspired  visions  of  the  future  were  usually  received  with 
some  bemusement,  but  only  muted  enthusiasm.  How¬ 
ever,  1  thought  perhaps,  in  the  pervasive  atmosphere  of 


Adapted  from  the  lEWEx  banquet  address. 


satiated  conientmcni  lollowiiig  this  cxcelicni  banquet, 
that  I  could  int  ite  you  to  join  me  iti  a  little  speculative 
dreaming  about  where  we  may  be  gome  in  future  wave 
rc.search. 

Let  me  first  summarize  briefiy  what  1  think  we  have 
achieved  in  ocean  wave  modeling  in  the  last  fortv  years 
and  explain  then  why  I  believe  that  wave  modeling  will 
play  a  completely  different  and  far  more  central  role  in 
the  geophysical  sciences  in  the  future. 

There  have  been  major  landmarks  in  our  understand¬ 
ing  of  wave  dynamics  and  in  the  development  of  wave 
models  since  the  pioneering  paper  of  Sverdrup  and  Munk 
in  1947  [see  the  boxed  insert  for  other  landmark  publi¬ 
cations),  1  need  not  dwell  on  the  various  stages  of  this 
development.  But  the  development  in  our  understanding 
of  wave  dynamics  and  our  ability— or.  more  precisely, 
our  belief  in  our  ability — to  model  cK'ean  waves  have  not 
always  coincided. 

Each  landmark  in  wave  research  led  to  a  significant 
increase  in  our  understanding  of  wave  dynamics.  How¬ 
ever.  our  confidence  in  our  models  suffered  a  severe  set¬ 
back  in  the  early  seventies.  At  this  time  we  realized, 
through  detailed  field  measurements,  that  the  first-ecn- 
eration  wave  models  developed  in  the  sixties  on  the  basis 
of  the  linear  Phillips-Miles  wave  growth  theories  and 
Phillips’s  concept  of  a  universal  saturation  spectrum  were 
fundamentally  incorrect.  The  growth  of  wind  waves  was 
found  to  be  much  more  strongly  controlled  by  the  non¬ 
linear  transfer  than  we  had  hitherto  believed. 

The  second-generation  models  that  were  introduced 
in  the  second  half  of  the  seventies  to  represent  this  re¬ 
vised  spectral  energy  balance,  then,  essentially  brought 
us  right  back,  regarding  the  description  of  the  wave  field, 
to  the  original  concepts  of  Sverdrup  and  Munk.  The 
wind  sea  was  again  reduced  to  two  characteristic  param¬ 
eters,  the  significant  wave  height  and  significant  period, 
which  could  be  represented  as  a  function  of  a  single  pa¬ 
rameter,  the  wave  age.  The  dynamics  were,  of  course, 
more  sophisticated  than  in  Sverdrup  and  .Munk,  in  the 
sense  that  the  evolution  of  these  scale  parameters  was 
now  determined  by  a  transport  equation.  Also,  the  scale 
parameters  were  now  used  to  define  the  full,  two-dimen¬ 
sional  windsea  spectrum,  and  the  swell  was  described  in¬ 
dependently  by  an  additional  arbitrary  spectrum  without 
any  shape  restrictions,  as  in  a  first-generation  model. 

In  a  talk  1  gave  at  a  symposium  to  honor  Walter 
Munkfs  .sixty-fifth  birthday  in  1982  entitled  "The  Science 
and  Art  of  W’ave  Prediction;  An  Ode  to  HO  601,”  1 
plotted  the  Sverdrup  and  Munk  wind.sea  data  from  their 
original  report  together  with  the  jonsw  ap  [Joint  North 
Sea  Wave  Project]  data.  The  Hydrographic  Office  [HO 
601]  data  were  based  almost  entirely  on  visual  observa- 
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SOME  LANDMARK  PUBLICATIONS  IN 

WIND-WAVE  MODELING 

Wave  Heights  and  Period 

1947  Sverdrup,  H.  U.,  and  Munk,  W.  H.,  “Wind,  Sea, 
and  Swell.  Theor>'  of  Relations  for  Forecasting.” 
Hydrographic  Office  Publication  No.  601,  U.S. 
Naval  Oceanographic  Office,  Washington,  D.C. 

1952  Bretschneider,  C.  L.,  “Revised  Wave  Forecasting 
Relations,"  in  Proc.  2nd  Conf.  Coastal  Engineer¬ 
ing,  Council  of  Wave  Research,  Engineering 
Foundation,  Berkeley,  Calif.,  pp.  1-5. 

Spectrum 

1955  Pierson,  W.  J.,  Neumann,  G.,  and  James,  R.  W., 
Practical  Methods  for  Observing  and  Forecasting 
Ocean  Waves  by  Means  of  Wave  Spectra  and  Sta¬ 
tistics,  U.S.  Navy  Hydrographic  Office  Publica¬ 
tion  No.  603,  Washington,  D.C. 

Dynamics 

1957  Miles,  J.  W.,  “On  the  Generation  of  Surface 
Waves  by  Shear  Flows,”  J.  Fluid  Meek.  3, 
185-204. 

1957  Phillips,  O.  M.,  “On  the  Generation  of  Waves 
by  Turbulent  Wind,”  J.  Fluid  Mech.  2,  417-445. 

1958  Phillips,  O.  M.,  “The  Equilibrium  Range  in  the 
Spearum  of  Wind-Generated  Ocean  Waves,”  J. 
Fluid  Mech.  4,  426-434. 

1961  Hasseintann,  K.,  “On  the  Non-Linear  Energy 
Transfer  in  a  Wave  Spectrum,”  in  Ocean  Wave 
Spectra,  Prentice-Hall,  Englewood  Cliffs,  N.J., 
pp.  191-197. 

Transport  Equation 

1957  Gelc,  R.,  Cazale,  H.,  and  Vassal,  J.,  “Prevision 
de  la  houle,  la  methode  des  densities  spearoan- 
gulaires,”  Extr.  Bull.  Inf.  Com.  Cent.  Oceanogr. 
Etude  Cotes  9,  416-431. 

First-Generation  Models 

1964  Pierson,  W.  J.,  and  Moskowitz,  L.,  “A  Proposed 
Spectral  Form  for  Fully  Developed  Wind  Seas 
Based  on  the  Similarity  Theory  of  S.  A. 
Kitaigorodskii,”  J.  Geophys.  Res.  69,  5181-5190. 


tions  from  highly  heterogeneous  sources — including 
waves  on  the  lake  in  Hyde  Park  and  the  observations 
of  a  ship’s  officer  crossing  the  English  Channel  during 
D-Day — while  the  jonswap  data  were  obtained  under 
highly  selective  fetch-limited,  uniform  wind  conditions 
using  modern  spectral  wave  instruments.  Yet  the  agree¬ 
ment  was  astounding! 

We  have  clearly  still  not  entirely  removed  the  art  from 
wave  prediction.  However,  today  we  have  passed  another 
significant  landmark,  the  introduction  of  third-genera¬ 
tion  wave  models  following  swamp  [the  Sea  Wave 
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1976  Hasselmann,  K.,  Ross,  D.  B.,  Muller.  P..  and 
Sell,  W,.  “A  Parametric  Wave  Prediction  Mod¬ 
el,”  J.  Phys.  Oceanogr.  6,  2fX)-22S. 

Seasat 

1982  Seasat  Special  Issue  1:  Geophysical  Evaluation, 
J.  Geophys.  Res.  87,  No.  C5. 
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1985  The  swamp  Group,  Sea  W'ave  Modeling  Project 
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Wave  Prediction  Models.  Pan  1 :  Principal  Results 
and  Conclusions,  Ocean  Wave  Modeling.  Plenum 
Press. 

Third-Generation  Models 
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Modeling  Project,  1979-81],  and  1  believe  wc  have  now 
finally  shifted  the  art  to  where  it  belongs— -to  the  discus¬ 
sion  of  the  souree  functions,  rather  than  the  manipula¬ 
tion  of  the  spectrum  itself. 

In  SW  AMP,  four  first-generation  and  five  second-gen¬ 
eration  models  were  intercompared.  Sw  amp  clearly 
demonstrated  that  second-generation  models,  although 
repre,senting  a  significant  improvement  over  first-gener¬ 
ation  models,  still  suffered  from  basic  shortcomings.  The 
simplified  parametrical  description  of  the  windsea  spec¬ 
trum  was  simply  inadequate  to  treat  the  complex  windsea 


spectrum  generated  in  more  cciniplicmed  lettl  \\  iutl  held 
situations.  This  motivated  the  w  \m  Ciroup  to  develop 
a  third-generation  wave  model  in  v  hich  the  wave  tiaiw 
port  equation  was  integrated  t'roM  hiM  prinei|iles  onK. 
using  prescribed  source  functions,  wuhout  anv  additional 
assumptions  regarding  the  shape  of  the  icsulta.it  Npec- 
trum.  .-\fter  several  years  of  joint  efforts,  an  estensively 
tested  and  verified  third-generation  wave  model  is  now 
available.  \\  c  are  thus  finally  in  a  position  to  seriouslv 
investigate  competing  hypotheses  regarding  the  form  t>l 
the  input  and  dissipation  source  functions,  and  to  com¬ 
pute  the  response  of  the  wave  field  tii  cxircme  or  un¬ 
usual  wind  conditions,  as  documented  in  detnilcvl  field 
experiments  such  as  1 1  vv  i  \  or  the  planned  s\\  voi  |.Sui 
face  Wave  Dynamics  Experiment!  proicci. 

This  development  is  particularlv  timeiv  if  I  turn  now 
to  the  tasks  facing  wave  modelers  in  the  future,  bor  the 
scientist,  the  primary  motivation  for  ocean  wave  resetirch 
has  undoubtedly  always  been  its  intellectual  aiiraction 
as  a  field  of  fluid  dynamics,  which  is  both  inherent Iv 
complex  and,  at  the  same  time,  amenable  to  a  certain 
level  of  rigorous  mathematical-physical  analysis.  The 
support  for  research  in  this  field,  however,  has  tradition¬ 
ally  been  rooted  in  more  mundane  engineering  and  eco¬ 
nomic  concerns;  the  great  practical  importance  of  wave 
foreca.sts  or  hindcasts  for  ship  routing,  offshore  activ  ities, 
coastal  engineering,  design  criteria,  risk  assessment,  ac¬ 
cident  investigations,  and  numerous  other  applications. 
Although  these  areas  will  continue  to  remain  major 
drivers  for  wave  research,  particularly  as  the  economical 
pre.ssure  to  extend  offshore  activities  into  env  ironmcntal- 
iy  more  ho.stile  regions  of  the  ocean  increases,  we  may 
expect  wave  research  and  wave  modeling  in  the  future 
to  assume  a  completely  new  role  as  an  essential  compo¬ 
nent  of  the  expanding  world  climate  research  and  global 
change  programs  (cf.  Fig.  1).  This  will  bring  a  new  focus 
into  w'ave  research,  with  a  much  stronger  emphasis  on 
the  symbiosis  between  basic  wave  research  and  wave 
modeling. 

Ocean  'vaves  repre.sent  the  interface  between  the  ocean 
and  the  atmosphere,  the  two  most  important  subsystems 
governing  the  dynamics  of  climate  and  global  change. 
A  realistic  description  of  the  physical  processes  occurring 
at  the  ocean-atmosphere  interface  is  essential  for  a  reli¬ 
able  determination  of  the  air-.sea  fluxes  of  momentum, 
sensible  and  latent  heat,  CO;  and  other  trace  gases, 
and  aerosols,  which  together  determine  the  coupling  be¬ 
tween  these  two  systems.  W'c  know  that  the  wave  field 
is  intimately  involved  in  these  exchange  proccs.ses,  al¬ 
though  this  knowledge  has  yet  to  find  its  expression  in 
most  air-sea  bulk  formulae.  In  the  future,  wave  models, 
therefore,  will  be  needed  to  compute  not  only  the  wave 
spectrum  itself,  but  also  the  processes  at  the  air-sea  inter¬ 
face  that  govern,  in  addition  to  the  growth  and  the  decay 
of  the  wave  spectrum,  the  fluxes  across  the  interface. 

Third-generation  wave  models  are  an  es.scntial  prereq¬ 
uisite  for  this  task.  We  will  need  to  look  closely,  for  ex¬ 
ample,  not  only  at  the  form  of  the  high-frequency 
equilibrium  spectrum,  but  also  at  the  source  functions 
determining  this  equilibrium,  since  these  determine  the 
momentum  extracted  from  the  atmosphere,  the  fraction 
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o!  ihc  moiTicnUini  tlux  uaiwlciicil  lo  cinrcnis.  aiul  the 
energy  dissipation  available  ioi  tiiixing,  Ucarctnilv  uisi 
beginning  ii>  investigate  these  problems  seriouslv 

Nobody  has  as  yet  aiicnipied  lo  couple  an  ivean  moil 
cl  to  an  atmosphere  model  via  an  explien  model  of  ihe 
air-sea  interface,  that  is,  via  a  wave  model,  fhe  eoup 
ling  is  still  realized  today  using  simple  standard  hulk  !oi 
mulac.  Numerical  climate  smuilaiion  with  coupled 
ocean-atmosphere  models  is  a  field  that  is  still  m  its  in¬ 
fancy.  but  one  that  can  be  expected  to  expand  rapitllv . 
Reasonably  realistic  global  eireiilaiion  models  ot  both 
the  ocean  and  the  atmosphere  now  exist.  The  problem 
of  model  drift — the  fact  that  ihc  coupled  sy  stem,  when 
freed  from  the  boundary  conditions  that  constrain  the 
individual  subsystems  in  the  uncoupled  mode,  slowly 
drifts  into  another,  often  unrealistic,  equilibrium  climate 
.state — that  has  long  plagued  coupled  model  experiments, 
has  now  been  largely  resolved  for  response  simulations 
by  coupling  the  two  systems  through  the  flux  ariomaiic' 
rather  than  the  net  lluxes.  Finally,  the  enhanced  com 
putcr  resources  needed  lor  coupled  model  experiments 
have  now  become  available  and  will  continue  to  be  up¬ 
graded.  In  the  next  years,  simulations  iv!  (he  coupled 
ocean -atmosphere  system  with  high-resolution  general- 
circulation  models  can  be  expected  to  yield  a  significantly 
better  understanding — and.  hopefully,  usctiil  predic¬ 
tions — of  natural  climate  variability,  such  as  the  El 
Nino  •Southern  Oscillation  phenomenon  and  decadal  and 
cenuiry-scalc  climate  variations.  Still  more  importanily . 
they  will  provide  an  essential  tool  for  the  urgent  task 
of  assessing  the  time-dependent  elimatc  change  induced 
by  man’s  activities. 

The  problem  of  man's  impact  on  elimatc  will  require 
coupled  models,  including  noi  only  ihe  physical 
ocean -atmosphere  system,  hut  also  the  carbon  cycle. 
Models  of  the  carbon  cycle  based  on  realistic  three- 
dimensional  descriptions  of  the  ocean  and  atmosphere 
circulation  have  now  been  developed,  and  it  is,  in  prin¬ 
ciple,  technically  straightforward  to  comhinc  such  niovicls 
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v\i[h  coupled  ocean -ainutspheie  lluKici^  lo  prcd.c!  she 
impact  o!'  C'O:  emissions  on  climate,  taking  into  as 
count  all  relevant  feedbacks  between  variations  in  the 
ocean-atmosphere  circulation  and  changes  in  the  ocean 
carbon  constituents  and  the  atmospheric  C(');  cimcen 
tration. 

.4s  more  experience  with  such  coupled  ocean-at¬ 
mosphere  and  ocean-atmosphere-carbon-c\clc  models 
is  gained,  the  details  of  the  coupling  at  the  air-sea  iniei- 
face  will  naturally  begin  to  reccise  more  attention,  f  he 
need  to  introduce  an  explicit  model  of  the  interface, 
namely,  a  wave  model,  into  coupled  models  may.  in  fact, 
ari.se  sooner  than  some  may  anticipate,  h  irst  experiments 
with  coupled  models  ha\e  already  clearly  revealed  the 
discrepancy  between  the  relatively  simple  bulk  formulae 
used  to  parameterize  the  nuxes  across  the  air-sea  inter¬ 
face  in  present  atmospheric  circulation  models  and  the 
more  sophisticated  treatment  of  the  dynamical  processes 
at  the  air-sea  interface  commonly  invoked  in  the  inter¬ 
pretation  of  detailed  field  and  laboratory  experiments. 
W  hereas  the  atmospheric  circulation  does  not  appear  to 
be  overly  sensitive  to  the  precise  formulation  of  the  air- 
sea  transfer  rates,  the  ocean  circulation,  carbon  cycle, 
and  surface  wave  field  all  respond  strongly  to  small  per¬ 
turbations  in  these  tlu.xes.  .4  significant  improvement  ot 
the  present  bulk  Ilux  paramctcriz.ations  needed  to  drive 
these  systems  reliably  can  be  achieved  only  by  using  a 
wave  model  w  ith  explicit,  realistic  repre.sentation.s  of  the 
dynamical  source  functions. 

Technically,  it  is  quite  feasible  to  run  an  ocean  wave 
model  together  with  an  atmospheric  circulation  model. 
This  is  indeed  currently  being  pursued  in  several  weather 
forecast  centers.  W'e  can,  therefore,  expect  future  at¬ 
mospheric  circulation  models  to  include  wave  models  as 
a  standard  extension  of  their  ocean  boundary-layer  pack¬ 
ages,  just  as  snow,  soil  moisture,  and  land  vegetation 
must  be  included  in  a  consistent  treatment  of  the  terre.s- 
trial  boundary  layer. 

Looking  farther  down  tne  road  (cf.  Fig.  1),  coupled 
models  will  undoubtedly  be  extended  w  ithin  the  context 
of  the  international  Geosphere-Biosphere  Programme 
and  the  activities  of  the  World  Climate  and  Global 
Change  programs  to  include  more  sophisticated  models 
of  the  hydrological  and  global  biogeochcmical  cycles.  But 
these  models  will  still  continue  to  be  built  on  coupled 
ocean-atmosphere  models  as  their  core  component,  and 
the  proper  representation  of  the  exchange  processes  at 


the  air-'.c.i  miei '.kx  will  ..s'niiii.w  in  'cisuiUi  .s  luyii 
pnoniy  concwTii  1  iui'.,  ihc  iawi  U'  Jcwlop  ^ouplcu 
ocean  auuospiiL'!'-  nuidcl--,  cuinjikic  with  a 
ocean  vva'  e  uuerUicc  nuidcL  aps'iiC'  Mt>i  onK  toi  ciiiii.ta 
studies,  but  liokls  gcneralK  !o!  site  CMiIving  ( ilnbal 
Change  progrtsms. 

I  mally.  ocean  wave  lese.iieli  and  wave  mode!'  ;iKo 
have  ati  irnponaiu  loie  u>  play  iii  ihe  global  obseiviiir 
system  piitimed  Itir  liie  Work!  t  liinaic  and  tiioha! 
Change  progiam'.  .4n  essentia!  componeru  oi  this  o,>s 
serving  system  is  the  meiisiiremeni  ti!  oeean  surttiee  pmp- 
ernes  from  spaee.  However ,  the  retrieval  o1  gevvplnsicai 

parameters  ftiim  manv  ocean  satellite  sensors- . m  partly 

ular.  from  all-weather  mieiowavc  sy^tenls  - depends  ent 
ieally  on  knvwv ledge  of  the  sea  state  and  itie  a'sticiaied 
siytiamical  prc'cesscs  at  the  seti  surltice  that  directly  or 
mdireeily  affect  the  signals  measured  by  these  sensors 
Reliable  oeean  wave  models  will  therefore  be  needed  in 
the  future  to  routinely  proeess  oeean  sateihie  data.  1  or 
Iks]  and  iks;  [Luropean  Remote  Sensing  Satellitcsj. 
an  extensive  program  for  the  sinuillancoiis  analysis  and 
assimilation  of  aliimeier.  seattcromeief .  and  s\k  jsyn 
thctie  aperture  radar)  wave  model  data  in  neat  real  time, 
using  both  atmospheric  general  eireulalion  and  global 
ocean  wave  models,  is  already  being  developed.  In  the 
kwg  term,  a  comprehensive  data  analysts  and  processing 
system,  combining  data  quality  procedures,  sensor  al¬ 
gorithms,  and  data  assimilation  in  a  single  processing 
suite,  will  need  to  be  developed  for  all  available  ocean 
surface  data. 

From  the  global  viewpoint,  if  mankind  is  to  meet  the 
challenge  of  understanding  and  managing  the  resources 
of  the  finite  planet  on  which  wc  all  live,  vve  will  need 
to  install  and  maintain  a  permanent  global  Earth  obser¬ 
vation  system,  consisting  of  space,  land,  and  ocean  seg¬ 
ments,  in  conjunction  with  an  operational  data  assimila¬ 
tion  system  based  on  sophisticated  models  to  proe’css  the 
enormous  data  volumes  continuously  generated  by  such 
a  system.  Wave  models  will  represent  an  imponani  com¬ 
ponent  in  this  model  suite. 

Thus,  wc  may  expect  in  the  nineties  an  evolution  ot 
Ocean  wave  saidics  Irom  a  discipline  that  has  tended  to 
live  rather  in  the  w  ings  of  traditional  oceanographic  and 
atmospheric  scientific  'cscarch,  supported  mainly  by  off¬ 
shore.  oceanic,  and  coastal  engineering  applications,  to 
a  pivotal  discipline  in  the  mainstream  of  Fanh  system 
science. 
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